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ABSTRACT

AN INTEGRATED SYSTEM COF HIGHWAY LOCATICN
ANALYSIS USING PHOTOGRAMMETRY AND
ELECTRONIC COMPUTERS

by

Paul O. Roberts, Jr,

Submitted to the Department of Civil and Sanitary Engineering on
May 20, 1957, in partial fulfillment of the requirements for the degree
of Master of Science in Civil Engineering.

The object of the thesis was to explore the possibilities of entirely
new approaches to the problem of locating modern highways, The synthesis
of a possible new system of data procurement, evaluation and presentation
was attempted, The variables which influence highway location were ana=
1yzed and summarized, Conventional methods of approach were evaluated
and new equipment and techniques were reviewed, These new tools were
then used in the development of a new system for locating highways. A
test project was used as a means of developing the system,

The scope of the thesis has been limited to exploring and experi~
menting with new methods of highway location analysis and not the devel=
opment of a completely practical and operational system, The emphasis
has been placed primarily on rural rather than urban location,

Two major conclusions can be drawn from this study, First, using
the system as conceived it is possible to determine the costs for a road
built in any location and to find the cost for the road built on the
optimum location, Secondly, the practicability of the system can be
evaluated only after a full scale test project has been performed to
determine if the savings will be significant.

Thesis Supervisors Charles 1, Miller
Title; Assistant Professor of
Civil Engineering
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1 SUMMARY

1.l Object

The object of this thesis is to explore the possibilities of en-
tirely new approaches to the problem of locating modern highways, The
synthesis of a possible new system of data procurement, evaluation, and

presentation is attempted.

1,2 Method

The‘variables which influence highway location were analyzed and sum-
marized, Conventional methods of approach were evaluated and new equip-
ment and techniques were reviewed, These new tools were then used in
the developmént of a new system for locating highways. A test project was

used as a means of developing the system.

1.3 Scope

The scope of the thesis has been limited to exploring and experimen-
ting with new methods of highway location analysis and not the development
of a completely practical and operational system, The emphasis has been

placed primarily on rural rather than urban location.

1.4 Conclusions

Two major conclusions can be drawn from this study. First, using
the system as conceived it is possible to determine the costs for a
road built in any location and to find the cost for the road built on
the optimum location. Secondly, the practicability of the system can
be evaluated only after a full-scale test project has been performed to

determine if the savings will be significant.



2 STATEMENT OF THE PROBLEM

2.1 Introduction

In the past few years the demand for new roads has increased con=-
siderably. The recognition of this demand is reflected by the Congress
of the United States in the enactment of the Federal Highway Act of 1956,
This demand has also created a problem for the highway engineer, He must
now plan and construct these highways under the pressure of time. While
the demand for highways has increased, the location problem has become
more complex, With the rising costs of land the engineer is steadily
being forced to use less desirable locations, Since 1952 the cost of
right of way in California has more than tripled, and since 1945 the
amount spent for right of way has increased from $7,110,224 to an es-
timated $160,000,000 for 1957-~1958, (9) In addition, the public demands
highways of higher standard today than ten years ago. These demands
have combined with higher construction costs to increase the costs per
mile of a highway., (34)

Limited access express highways place a stringent requirement on
the engineer that the facility be located optimumly both from the stand-
point of construction cost and traffic service, To determine the optimum
location highway engineers must gather and analyze large masses of data,
The amount of time and effort that goes into gathering and analyzing all
these various forms of data is extensive, 1In fact, it is generally the
limiting factor in approaching the optimum location. With conventional
procedures, it is not practical to evaluate more than a relatively few
solutions. Also with conventional procedures it is necessary to work with
trial lines in spite of the fact that there are theoretically an infinite

number of possible locations. Today's highway should have a careful



consideration of the influencing factors in order to determine the most
economical location. In order to do this the engineer must become aware
of and must be ready to use any new tool or process which allows him to

gather and analyze more data before he makes his decisions.

2.2 Highway Location Factors

Before major cénsideration is given to the problem of applying new
tools to highway location a short study should be made of the factors
which help to influence location., For convenience they may be grouped
as follows:

Traffic Factors
Volume
Type
Origin—destination
Service
Highway Geometric Design Criteria
Alignment
Grades
Clearances
Space requirements
Land Factors
Land use
Land cost
Economic disruption costs
Planning Factors
Changing economic patterns

Buture conditions



Maintenance of desirable city units
Land development
Psycological factors such as avoiding national parks, shrines
or cemetaries
Public relations
Political influence
Construction Factors
Grades
Earth and rock excavation quantities
Stream crossings
Road and railroad crossings
Soil conditions
Material availability
Geologic conditions
Hydrologic conditions
Variable natural phenomena
The relative importance of the factors varies from one to the next,
Traffic service is one which has steadily increased in importance. The
feasibility of a project rests on its ability to provide this service,
Public relations and psycological factors are also important., The most
important factors, however, are those which have bearing on the economic
justification of the project. Once the decision to build a highway has
been made and the termini selected it is largely those factors which are
related to the cost of ‘the project which determine the final location,
Political influence is a factor which seems to be unavoidable in many

instances.



2.3 Data Collection

The job of data collecting has completely changed character since
the early days of highway location, Because of the scarcity of maps
and particularly lack of adequate topographic maps it was necessary to do
most of the location analysis by on=the~spot field evaluation (2).
Obviously this method has the severe disadvantage of limited vision, The
field engineer has available none of the devices or techniques for evalu~
ating the effects of a slightly different décision,

The development of topographic maps by the U,8,G.S., made possible
more careful preliminary analysis of routes before field work was begun,
A topographic map did not, however, give the location engineer all the
information he needed., Soil corditions could not be obtained and in this
respect the office engineer was more limited than the field man, The
office engineer had to use small Scale topographic maps with larger
scale planimetric maps, geologic maps, and tax maps and supplement them
with various kinds of data wuch as flood levels, rainfall, drainage areas,
traffic engineering reports, boring fecords, and recent bid tabulations,

The development of aerial photography and more particularly the more
wide=-spread use of photogrammetry to compile topographic maps has aided
the location engineer (5). These developments have enabled more of the
location work to be done in the office. Data collection need no longer

be a time~consuming, laborious process.,

2.4 Data Presentation

No effort is currently being made to present all of the location data
simultaneously in a manner in which the highway locator and his team of
specialists can conveniently evaluate it and select the best route., This
could be conveniently done by resolving all the location factors into §ne

variable so that the decision could be made more easily,



2.5 Review of Current Work

Conventional Practicg: There is considerable variation in con-
ventional highway location practices. As a hypothetical case we might
1list the following steps as being typical of current location procedureq(5)

1. A traffic engineering study of the situation is made., The volume
and location of desire is analyzed and evaluated and the results indicate
that a highway should be built to satisfy this desire.

2. Preliminary route location studies are begun using small scale
maps. Major points to be connected are ded. ded upon,

3. U.S.G.S. maps are used to pick alternate routes. At this time
aerial photography of any available scale is used, The al ternate routes
are narrowed to the best 2 or 3 by careful study, This study might in-
clude the rough estimation of earthwork quantities by scaling from the
maps, approximate land cost comparisons, surveys of the foundation condi-
tions of the various routes, or an analysis of the costs of the structures
which will be encountered. In most cases the majority of the narrowing
will be done on the basis of experience and judgement.

4, Aerial photography at a medium scale is taken from which photo=~
grammetric topographic maps are made to a scale 1 inch = 200 feet with a
5 foot contour interval. Using these photogfammetric maps and using the
aerial photographs as stereopairs the actual locations are established
rather closely, At this time the earthwork on the various alternates is
compared and fhe preliminary price estimates for the route worked up.

5. Aerial photography at a large scale is taken from whichitopographic
maps are made to a scale of 1 inch = 50 feet with a 2 foot contour interval,
These maps provide the data for the preparation of final plans and cost

estimates. Final changes are made in alignment and grade, field parties



stake the final location, and construction bids are let,

It can be seen from the foregoing steps that the ;ocation phase is
rather difficult to isolate from the design phase., But, in general,
it might be said that the location analysis was virtually complete when
the highway was located within the nearest 100 feet. This definition
will depend on whether you are working in extremely variable conditions

like urban location or in rather homogeneous rural conditions,

Current Research: At the present time considerable effort is

being put into the problem of figuring earthwork quantities using photo-
grammetry and computers, (4); (41) 1In this type of system the computer
essentially designs the road templatevgiven some guiding instructions and
figures the quantities using terrain information as obtained from the
stereomodel., The computer is so fast that several runs camn be made and
alternate routes can be compared quite easily by figuring the earthwork
quantities for each alternate., It should be noted that in a system
such as this the location analysis has been previously done and all that
remains to be compared is the earthwork quantities., This system also
has the limitation of having to work with finite alignment locations
and with previously specified grades, It cannot select the best pos-
sibility, but merely has to compare two or more proposed possibilities.
It can be concluded that this type of system is most valuable when used
as a design tool or as an aid to location, but not as a location tool by
itself.

Further research should be devoted to synthesizing a system which will
consider the problems of location from a location rather than a design

standpoint, Emphasis should be placed on selecting the best route out



of the range of possible routes, A system if developed should satisfy
the following criterias

1. The system must consider the full range of location possibilities
not just alternate routes.

2. It should select the optimum route out of the full range of
possibilities.

3., It should give the location engineer a chance to check and use
judgement in eveluating the results,

4, The system must be able to affect savings in the location in
order to justify its use,

5. The system should be flexible and readily adaptable to different

types of solutions and to different location needs.



3. APPROACH TO THE PROBLEM

3.1 Available Tools

In the paét few years much progress has been made by scientists
and engineers in the development of new tools, The professional engineer
nust reevaluate his problems frequently in order to ascertain for him=-
self if any new tools are available which allow him to exercise his
function faster, cheaper, or more efficiently, Air photo analysis,
pﬁotogrammetry, and electronic computers are three of the new tools
which fall into this category for the highway engineer,

In the last few years the development of computers, both digital
and analog, has been so rapid that the highway engineer now finds he has
a very efficient machine available for the reduction of large masses of
data, Aerial photography has developed to the point where it is already
being widely used by locétors and designers, Although photogrammetry
has already built up a well-established history, its full potential
as a data collection system is just now being reslized. Another tool
which has developed very rapidly during the past decade is air-photo
analysis, It has been used almost as long as aerial photos have been
in existencé, but now recent advancements have brought it to a stage
where it‘is an extremely useful tool, Other tools which are being used
by civil engineers for the first time in routine practicc are geophysical
and resistivity methods of subsurface ground exploration. (27) New
surveying instruments and electronic surveying equipment which is being
used more every day and the new reproduction techniques which are making
possible easier copying of material might also be included in a list such
as this. The potential for developing the new tools and methods which

the engineer needs to perform his work is still untapped. New advances
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in the next few years will continue to add to the stock of tools available

to the engineer,

3.2 Over—-all System Components

From the list of new tools which has been presented it is possible
to select those tools which would logically fit into an integrated system.
What is wanted is essentially;

1. A data collection system

2. A quantitative data system

3. A qualitative data system

4, A data reduction and evaluation system

5. A data presentation system

Aerial Photographs: Since the data that is recorded on aerial photo-

graphs is a permanent record of the conditions that existed on the ground
at the instant of exposure aerial photographs could function as the data
collection system, Aerial photographs of the ground are easily obtained.
The recording of detail is limited only by the resolution of the film,
This can be controlled to a great extent by controlling the flight height.
In addition photographs have the advantage of presenting the data in a
visual form. The observer has a position advantage over the field ob-
server in that he can observe over a wider area. By varying the scale

of the photograph, detail can be presented in varying degrees of com-

plexity,

Photogrammetry: A quantitative measuring device is obtained by using

photogrammetry., Measurements can be made to almost any desired accuracy.

The accuracy is directly related to the cost, but the cost is still well
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below that for field methods, The meaéurements can be presented in

several conventional ways., The needed measurements can be made directly
and recorded as numbers or they can be recorded on planimetric or contour
maps and extracted as the engineer needs them, Another possible method

of recording wauld be to tabulate the elevation at matrix points. Photo~
grammetry has already made its impact on highway location and design., (40).
It is now a fully recognized method of obtaining the data measurement
necessary for highway location and design,

Air Photo Analysis: Air photo analysis is the extracting of the

data needed for locationand design purposes from aerial photographs,
In the integrated system it could become the qualitative data measurement
System. Engineers are discovering that much of the valuable information
necessary for location can be obtained from aerial photos by air photo
analysis. As it was previously pointed out the aerial photo contains
detail to any desired complexity depending on the scale. Therefore,
the amount of information that can be obtained from good aerial photos
is limited only by‘the skill and ability of the interpreter., Air photo
analysis can give the location engineer such important information as; (50)

Land use

Property lines (in many instances)

Location of places that will be subject to loss of access or

property damage

Type and use of buildings

Approximate value of property and buildihgs

Geology

So0il distribution and properties

Sources of borrow and aggregates

Rock outcrop
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Location of peat bogs, landslides, and other problem areas,
Drainage characteristics and requirements

Good bridge crossings of streams and rivers

Clearing and stripping amounts

Location of access and construction roads

Location of utilities and under some conditions pipelineskand

underground facilities

Electronic Computerss Because of their speed and flexibility elec~

tronic computers are perfectly suited to function as the data reduction
and evaluation system., Computers are relatively mew in civil engineering,
interest in their application having developed primarily in the past

year. Even this short amount of time has been sufficient to demonstrate
the potential use to which the computer can be put., At present, most

of the high~speed digital computers have a large storage capacity (between
1000 and 4000 words) and speeds in the range of from 1 to 50 microseconds
per operation. This is adequate for most of our present problems, The
cost of problems solved on these machines is very samll considering

the number of operations involved, There is every reason to believe that
growth in data handling capacity and speed in the near future will be

as phenomenal as the present growth and that the costs of computer re=~

duction of data will continue to decrease,

3.3 Cost as the Common Denominator

As subjects become increasingly more complicated, engineers find
it convenient to break them down into their component parts and to analyze
the parts spearately in terms of a common unit, This method seems to be

particularly applicable to highway location, The important thing is to
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select a common unit or a common denominator, as it might appropriately
be called, It appears that using cost as the common denominator would be
feasible, Cost is a recurring variable in engineering studies, The solu-
tion which is being sought is the most economical solution which conforms
to the performance specifications, Locations on which it is necessary

to move large volumes of earth are undesirable because of the high cost
of excavation. High land costs are also indicative of undesirable
locations because the highway is displacing expensive commercial or resi-
dential functions, If we analyzed each possible route in terms of costs
we should have a method of comparing two routes or for picking the best
route out of the infinite number which are possible. It will be found
later that a cost per unit of length of roadway will also be convenient

to work with, because it can be evaluated at each point on the road.

3.4 Highway Costs

Highway costs can be analyzed and approached in many different ways,
For the purpose of this thesis the costs considered will be confined to
those costs usually placed under the headings "right-of-way costs!" and
vconstruction costs.” ‘Financing, legal and administrative expenses do
not effect the location of the highway and can be disregarded.during the
location phase, Because of the method in which the costs of building
the highway are going to be evaluated and because of the logic of this
kind of approach the costs will be broken down under the following headings:
Land - The cost of acquiring the land and buildings
Land préparation ~ The cost of preparing the land for the construction
process

Barthwork - The cost of constructing the roadway
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Pavement - The cost of surfacing the roadway

Structures - The cost of crossing streams, roads, and railroads

Additional - The miscellaneous additional costs which contribute

to the cost of the completed highway

It is interesting to look at the costs of several of the turnpikes
built in this country during the 1ast‘few years, A table which has tabu-
lated cost per mile and percentage.of total cost is presented as Figure 1.
It is impossible to predict trends from the table, but the relative magni-
tudes of the various costs can be seen. As expected, right of way costs
varied all the way from 3 percent to 20 percent, but even the figure 20
percent is low for urban highways., Earthwork, pavement and structures
costs varied widely but always remained a considerable portion of the total,
The other construction costs, of which land perparation was a portion,
remained consistently less than 10 percent of the total, The table illus-
trates the fact that great variations in highway cost are present and
that significant savings can be made by s@lecting the 6ptimum location.
The table also shows which costs are important and their relative impor=-
tance, The thing which the table does not show is how much the location
selected using present location methods can be improved upon,

Costs are a bit deceptive to analyze, For instance, in many cases
it would appear that thé price estimates which are worked ﬁp fér a par-
ticular Jjob are completely independent of the soil conditions. Therefore,
it would be no less expensive to build on a soil with good workihg condi=~
tions than building on a soil subject to poor conditions, However, the
bids which are submitted have taken into account the fact that poor soil
conditions exist and are therefore larger, This sort of condition exists
today with regard to pavement design and makes comparison of the costs

and the variables very difficult,



Fieure 1|

COSTS PER MILE FOR RECENTLY BUILT TURNPIKES IN THE U.S.

15

NEW JERSEY NORTH-EAST WEST SUNSHINE
ITEM MASS. | TURNPIKE| MAINE |EXTENSION| OHiO  |[RICHMOND [ILLINOIS |VIRGINIA | TEXAS |OKLAHOMA | KANSAS | STATE
SECTION TURNPIKE (FLORIDA)
LENGTH 123 M. 30 M &6 MI o Ml |za14 M 347 Ml | 1933 M | 88 M 30 M 89 Mi 136 Ml | |04 Mi
4 LANES LANES 6 LANES
WIDTH 6 For  |F MANES 1. AnEs | 4 LaNEs |4 Lanes | 6 Lanes [ “| 2 LANES |VARVING |4 LANES | 4 LANES | 4 LANES
2% Ml |& G LANES G LANES WIDTHS
RIGHT OF WAY 74000 166. 500 27.300 87600 46.49] 308 300 1.68.000 284.000 | 18.600 31400 572 800
5.8% 55% 4.8 % 6.6 % 49% 215 % 17.5 % 19.7 % 37% 6.7 % TR ACYA
482700 |lOW767 | 147900 | 472000 | 300751 |im8.500 f{?{i&?&; 81600 |88.800
EARTHWORK | 2770/ 234 2% 158% | 355% | 3.1 L e o 17.7 %/ 19.524
274 /o
ALL
TOGETHER ALL
PAVE&AENT 3]0.000 |L188.333 103200 | 353000 | 1.38.6!l |139900 |1.120.000 196.000 | . -THER|LL5.000 | i3goco
DRAINAGE 24 2% 2.5 % 356% | 16.6% | L55% |le8<4t |INCLUDING NO DRAIN. | 479.300 | 483 % 197 %
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One approach to the problem of comparing one route possibility to
another in order to obtain the optimum route would consist in evaluating
the effect of the different location variables on each one of the costs
of a road per unit of length. The cost values estimafed from the aerial
photographs using air photo analysis would be computer reduced to produce
the total costs per unit of length for any road built over the variables,
The best road would then be picked from all possible routes by the com-
puter and its cost obtained by adding unit prices over its entire length.

The methods to be used in doing this are described in the next section,
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4. PROCEDURE

The preceding sections have been primarily concerned with demon-
strating a need for an integrated location system and the principles
upon which it would operate, It is the purpose of this section to pre-

sent the details of such a system and the technigues of applying it.

4,1 System Steps

The steps which would be used are approximately as follows:

1. FEly photography. The scale of thie photography should be com~
mensurate,with the type location analysis which is beingvperformed. The
smaller the scale, the larger-the area which is under consideration, the
less the detail and the more approximate the methods used in estimating
the cost, A more detailed analysis of scales is covered in Appendix 1
ﬁnder grid sizes, -

2. Assemble the aerial photos into a stereo air photo mosaic., This
is accomplished by removing every second picture from the flight étrip
and mounting them on a stiff board on which'they are oriented carefully
with the overlaps matched. The pictures which are not mounted can be
placed beside the mounted piéture and viewed with a pocket stereoscope
to produce-é stereomodel of‘a portidn of the terrain. The stereoscopic
overlap of the photos must be greater than 50 percent in order to make this
possible,

3. Using clear calluloid oveflay sheets and a grease pencil each of
the costs is evaluated. The air photo mosaic can be clearly seen through
the celluloid acetate sheet, It was found to be quité satisfactory to
place'the loose picture of the'stereopair above the acetate and to do
all the marking on the acetate which covers the mosaic, One of these

over layssheets is made for each of 6 different cost categories. The

methods of evaluating these costs are presented later,
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4, The costs from each of the overlays is transferred to punched
cards by placing a grid over each and punching the values recorded on the
overlay into the card at each grid point. The g#éd used can be a series
of squares traced in ink on a separate overlay sﬁeet. The size of the
grid square depends on the area or length for which the cost is to be
evaluated., An analysis of grid square sizes is included as Appendix.l.

5. The punched caeds are placed in a computer where the cost
variables for each grid square are added together to obtain the total
cost for each grid square, The value that is in the computer at this
stage is the total cost at each grid square for a road built going
through that square, These sums can be visualized as a complete map
of the study area containing isolines or contours of equal cost, Or
even more realistically, they may be visualized as a relief model where
the relief is cost instead of elevation., The valleys of the model re=-
present points of low cost; High costs are represented by mountains or
hills, The tﬁtal cost of building a road between two points is the area
under the line connecting the two points.

6. A copy of this model is punchedeout of the computer so that it
can be used by the engineer to evaluate the results and to show the re-
lative values of all routes which might ‘be under consideration. The
method of converting the digital output of the machine into a visual
output is discussed later,

7. A program designed to pick the very best route through the ter-
rain model is placed in the machine and allowed to operate on the cost data.
Analog methods were also considered as possible methods of producing the
terrain cost model, 1In many ways the p;oblem lends itself very well to
solution by analog mefhods, however there are some disadvantages. These
are discussed in detail later. A pictorial diagram illustrating the in-

tegrated system is shown as Figure 2,
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Fieure 2 PJCTORIAL DIAGRAM OF SYSTEM
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4,2 Analyzing the Cost Factors

Test Project: It wés felt at the outset of this thesis that the use
of an actual test location for evaluation by this system was desirable.

For this reason a test section approximately 5 miles long was selected on
the relocation of Massachusetts State Route 28, The section selected

was in the Reading and Wilmington U.S.G.S. quadrangles north of Boston,
Figure 3. This route was picked because of its convenience for field in-
spection, and because of the availability of several scales of aerial
photographs which had beem used by the Massachusetts Department of Public
Works in the relocation studies of Route 28. The problems that wer ¢ en-
countered in applying the system proved to be invaluable in making the
establishment of technique possible,

The selection of such a short section of a route automatically limited
the scope of the investigations to a rather detailed location study in-
stead of a more hasty general study over a larger area. This was not
undesirable because a general study is done in the same manner as a de~
tailed study. It was also decided in the selection of this route that
only the aspects pertaining to rural and to suburban tybeilocation would
be considered. It is felt that urban location will have to be handled in
a slightly different way. This tended to 1limit the conditions of the study

to those of a controlled access highway in mostly rural surroundings.

Photography: The photography of the test section was obtained in
three scales: 1:20000 from the U.S.D.A., 1:9600 flown by Jack Amman for
the Massachusetts Department of Public Works, and 1:4800 flown by Fairchild
for the Massachusetts Department of Public Works. Because of the convenient
size and because of early availability, the 1:9600 photography was most

used, It was found to be ideal for most of the uses, however it did have
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some disadvantages and it was found helpful to supplement the informa-
tion obtained with that from both of the other scales. Figure 4 is a
portion of the air photo mosaic used in the examination of the 5 mile
test section, The 1:9600 photography was used in its preparation. An
even smaller section of the mosaic will later be shown as background for

the mosaic overlays which illustrate the manner in which costs are assiged,

Method: As previously stated, each of the cost factors was analyzed
and recorded on an overlay sheet. The cost of building the highway through
a 200 foot square was the basic unit, This is the cost for acquiring
200 feet of right-of-way in the casé of the land cost overlay and the
cost of bridging a river spread evenly over the grid square on the struc=-
tures overlay. Since the costs depend upon the type highway which is
being considered, the following assumptions were made relative to the
geometric design.

1. The route to be located is a 4-lane divided, controlled access,
highway.

2. The cross section is considered to be essentially the same in
all sections. For fills less than 10 feet deep 4:1 side slopes were
assumed. 2:;1 slopes wére used when the fills exceeded 10 feet and on
the slope of cut sections in earth,

3. Alternate solutions on the same location, such as the use
of either structure or embankment for a particular location, were not
considered. One of the possibilities was eliminated before the costs
were evaluated.

In the sections that follow each of the cost factors which contri-
bute to the total cost will be amalyzed separately, First, a general

discussion will condider the broader aspects and then'specific reference
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will be made to the Route 28 example. COnly a portion of the original
overlays will be presented so that the reader can get an idea of the
problems encountered, A section approximately 7000 feet long is shown in

each overlay,

4,3 Land Costs

‘Land éppraisal is an art in itself, and for that reason the highway
engineer generally obtains someone who is skilled in the art of appraisal
to do the work for him., A preliminary location has usually been established
at the time the appraiser is first called into the job. It seems that
this is the wrong time to consult the appraiser. He should be allowed
to help select the route location. Land costs vary so widely that over
even a short section of the highway it is sometimes necessary to ask the
advice of several appraisers, Therefote, it seems desirable to have some
method of incorporating the land cost data which the appraiser or group
of appraisers is capable of producing into the complete highway design.

Appraisal methods are varied depending on the requirements, however,
they could be divided into essentially three types:

1. Horse back appraisal in which the appraiser takes field trips and
makes estimates of the land costs which he records directly on the plans.

2. A detailed appraisal on which the final estimates are made., This
method involves field trips, building measurements, reference to tax maps
and to recent sales and is performed on the route actually selected.

3. The actual negotiation leading to the sale of the property and
the settlement of damages.

The method which most closely fits the purpose of the highway loca=-
tion éngineer is the horse back appraisal. This method would allow an

appraiser to quickly estimate the costs over a wide area., In fact, an
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appraiser already familiar with the area surveyed would be able to
delineate the arcas and costs on the stereo airphoto mosaic overlay with
a minimum of field trips. The appraiser who was unfamiliar with the
terrain to be analyzed would be able to make some studies and field
trips and would be able to extrapolate the findings which he obtained

in the study areas to the whole area to be considered by using the
stereo photographs,

It is necessary to be able to handle 3 phases of land costs. First,
the cost of the land without buildings. Land costs depend on many things,
principally the land use, availability of road access, type and quality
of land, proximity and relationship to metropolitan areas and adjacent
land uses. Many of these features can be recognized and evaluatéd from
the aerial photos. Within limited areas many of these infiuences are re-
latively the same for all pieces of land. If this is thg case a table
of typicai costs for different land uses and positions can be used to
help decide the cost of the land which is being evalua*;ed.

Secondly, the cost of buildings enters in, It is common practice
to evaluate the cost of land and building without separating them. In
this case it becomes more convenient to separate them, The way buildings
are handled in the system is to (1) delineate a group of buildings by
circling them with a grease pencil, (2) evaluate the land cost per acre
on the basis of the land use and other factors, (3) evaluate the average
cost of buildings and multiply by the number to obtain the total cost
(the total cost of all buildings may be evaluated directly), (4) divide
this total cost by the area which is circled to obtain the unit cost of
buildings over the area, (5) add this unit cost of buildings to the unit
cost of the land to obtain the total unit cost. This procedure is ana-

logous to taking the concentrated cost of buildings and spreading it
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evenly over the entire area which contains buildings,

The third thing to be considered is the cost of land damages. (12)
Damages”are very nebulous things and are very difficult to evaluate,

Land damages are usually more severe on small parcels than on large parcels.
Also, small parcels tend to be the most expensive oﬁ 2 unit cost basis,

One possible method of accounting for damages is associated with the sales
proceddres, If the land and/or buildings are purchased by the state or
agency concerned then the damages may be considered to be resolved by

the resale of the building to be m&ved to a new location. 1In the case in
which there are no buildings, the appraiser should add to the unit price

of the land the costs which he consi@ers to be appropriate to cover the
damages,

On Route 28, opinions of various experts were asked and from their
advice the following table was set up to help in evaluating the cost of
the land. The unit of cost selected as the one for recording land cost
was dictated4by the size of grid used. Since the grid used was 200 feet
on the side, this gave an area of 40,000 square feet, which is slightly
under an acre. Therefore, thé price recorded was the price per acre. It

was felt that the figure obtained was in this way slightly conservative,

Industrial Land $15,000 - 65,000 per acre
Commercial Land 8,000 - 65,000 per acre
Residential Land - 5,000 - 15,000 per acre
Potential Residential Land 1,200 - 2,000 per =acre
Farm Land ‘ 1,000 per acre
Pasture Land 200 - 1,000 per acre

Waste Land 50 ~ 100 per acre
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The price of buildings is usually recorded in cost per square
foot. It is rather laborious to scale building measurements off of
aerial bhotographs. It was found that a sampling procedure could be
resorted to. A rough approximation of the total can usually be made by
the appraiser on the basis of judgment. The following collection of
prices was taken from several references and adjusted to current prices
by consultation with the Right of Way Division of the Massachusetts
Department of Dublic Works, (8), (10), (13).

The test section contained mostly private residences,cgreen houscs

and sheds and for that reason these prices are the only ones presented,

Residences 10 - 16 $/sq. ft.

Filling Stations 15 $/5q. ft.
Cheap Auto Shops \ 2 - 3 $/sq. ft.
Barns and Sheds 3 - 5 8$/sq. ft.
Greenhouses | , 2% - 3 $/sq. ft.

Using the cosfs presented above the land was evaluated and the values
placed on the overlay shown in Figure 5. No allowance is made for the
land occupied by roads, Its value is established later on the structures
overlay.A One problém whiéh was encountered was what to do in the case

of isolated houses and farms. They occupied such a small space that most
could be contained within one grid square., Since it was unfeasible to
individually evaluate each of the costs and wiite it so small they were
assigned a blanket cost of 20,000 dollars per house, This included the
acre of land on which it is placed, 1Isolated houses of this nature

are delineated on the overlaf by a white square over the building. The
element of simplicity, especially for the card puncher, was felt to be

desirable,
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Two problems were encountered at this point., These were (1) the
errors introduced when curved lines are approximated by square cornersy
and (2) the problems associated with using 5 and 6 digit numbers as a re-
cording device., Both of thesc problems will be treated latcr under methods

of output and presentation.

4.4 Land Preparation Costs

Land pfeparation costs are the costs for the process of readying the
land for the construction of the roadway, These costs are principally
clearing and grubbing. The costs associated with the preparation of land
are generally rather small when compared to other costs, They can be
casily delineated on an overlay., If necessary clearing costs can be divided
into several price ranges, The amount of stripping can also be isolated
by using steoeoscopic pictures and by identifying the grass type. The
boundaries of these costs are outlined on the overlay sheet and the cost
per acre inserted,

It might be questioned whether it is worthwhile to consider an item
as small as clearing and grubbing in the location study. All other items
being equai, the route that would be chosen is the one without clearing
and grubbing. Also, it could be pointed out that most of the time the
highway is running through costs which are small, At intervals higher cog
areas will be encountered., The location engineer tries to minimize the
length of roadway wh;ch is travelling through expensive areas, This means
that high costs estimated to a moderate degree of accuracy are multiplied
by small lengths while the small costs given to a much higher degree of
accuracy are multiplied by greatef lengths, Thus the two costs should be

carried to about the same number of significant digits whether they represent
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small or large quantities, It is chiefly this argument which causes the
smaller costs to be evaluated.- Cases could be foreseen, however, in which
clearing and grubbing might represent sizeable portions of the compléted
cost,

In:the test section the problem of delineating and assigning costs
to these areas was simplified because Massachusetts advertises for bids
on the basis of cost per acre for clearing and grubbing. Figure 6 shows

the resulting overlay for land preparation,

4.5 ZEarthwork Costs

Earthwork costs are one of the major costs in building highways,
Reference to the costs tabulated in Figure 1 shows that for controlled
access facilities thesc costs vary from about 100,000 dollars per mile
to 500,000 dollars per mile for the roads investigated., This represents
percentages of from 10 to 40 percent of the total cost. Structures costs
are about the same magnitude, In completely rural situations in which
the soil types do not change radically the only variable which amounts
to a great deal is earthwork, and the location engineer is justified in
going to great lengths to minimize it. As our society becomes less rural
the engineer is finding many more variables influencing the selection of
a route and the selection of the optimum route is less influenced by the
earthwork factor, |

Within the category, earthwork costs, there are several sub categories,
This is illustrated by a summary of unit prices of earthwork taken from

the estimated project costs of the Massachusetts Tuxznpike., (80)
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Item Unit Unit Cost
Roadway Excavation, Earth cu,vyd, $0,65
Roadway Excavation, Rock cu.yd. 2.50
Roadway Excavation, Peat (including backfill) cu.yd, 1,25
Roadway Excavation, Varved Clay cu,.yd, 1.75
Borrow Excavation, Ordinary cu,yd, 0.60
Borrow Excavation, Gravel cu,yd. 1.25
Channel Excavation cu.,yd. 1.75

The problem presented by peat excavation and backfill is different
from that encountered in ordinary and rock excavation. Cut and fill cate-~
gories cause further differences because some cut materials cannot be used
as fill material, In order to make provision for the several different
kinds of costs which might be encountered it will be necessary to handle
them separately, Eartﬁwork was therefore divided into 2 categories.

Both require that the engineer know the soil conditions, which exist in
the field, The two categories are:

1, Peat Excavation

2. Ordinary and rock excavation

Before the costs for either are evaluated (49, 56, 58) a soil survey
is prepared using air photo analysis, Section 4.6 on Roadway Pavement and
Drainage will present the detailed methods by which this soil survey is
obtained. From the soil survey information is extracted as needed, For
peat excavation the data needed is the location and depth of peat bogs or
any area which must be excavated and back filled., Air photo analysis can
be supplemented by geophysical methods, resistivity tests and punchings to
make the data more accurate if this is desirable, These methods can also

be used to help determine rock cover depths, It is very important that
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the time, effort and cost for gathering this data be extended to cover

a large study area rather than concentréting the effort into an intense
study of a smaller area. For ordinary and rock excavation an overlay
containing the location and depth to rock or other form of special ex-
cavation is used in conjunction with a contour map from which elevations

can be extracted.

Peat Excavation: The major assumption in the computation of the

cost of building on swampy conditions is that the method is standardized,
Since the Massachusetts Department of Public Works usually excavates and
backfills with suitable borrow materials when it encounters peat bogs
it was felt that this method was the most logical to use in approaching
the problem of highway embankment costs in swamp. There is a strong
possibility that states having different swamp conditions would approach
lthe problem in an entirely different manner.

For peat exc;vation the first step in figuring quantities would be
to obtain an overlay delineating the areas of peat and muck and the depths
within ﬁhe various deposits. Using this overlay and a plot of earthwork
quantities versus depth of peat the volumes of earthwork in 200 foot squares
for any.given depth of bog can be readily obtained. The method can be
made even more direct by using the standard cross section for peat and
by plotting cost versus depth using estimated unit prices of peat excava-
tion and backfill, See Figure 7., These costs are placed on the overlay
replacing the depths of peat bog. The overlay which is obtained is shown
as Figure 8, It is easily seen how expensive the costs of peat excavation

and backfill were in the Route 28 section which was analyzed.
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Ordinary and Rock Excavation: The volume of earthwork which will be

necessary on any given project is'highly variable and is usually quite
difficult to determine until a location is chosen., The most desirable
method for estimating earthwork in a system such as this would be one
which would give the earthwork quantities at all points so that the best
route could be chosen, Such a method would be analogous to héving the
engineer stand at any point in the model and estimate, if a road were
built through the place where he was standing, whether the grade line
would phss over his head, or beneath him, and how much. The engineer
would probably estimate this on the basis of judgment, Knowing the general
direction from which the road was coming and knowing where it was headed
the engineer would study the topography in both directions and get an
idea of about what the mean terrain elevation was. He would use this

in his evaluation of the elevation of the grade line. This procedure

may be duplicated to a certain extent by machine methods. A method for
doing this which is different from the methods employed in the evaluation
of the other variables might work in somewhat the following manner,

If you have a three-dimensional model of terrain which has long
slopeé without any steep hills a road can be built along the surface if
the grade restrictions are not violated, In a model containing rough
terrain a road could not be build along thé surface because the grade
requirements would be exceeded. However, if this same terrain model
could be smoothed in some manner then it would be possible to build the
road on the surface, This smoothed model could be compared to the actual
model to obtain fhe amount of cut or fill at any point, The problem is
that of.Smoothing the model so that the maximum grade requirements are
not exceeded.

The first and most obvious method of smoothing the surface is taking
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the mean elevation of the actual terrain model as the smoothed model.

In this case the smoothed model is a horizontal plane. If the two

models are superimposed one upon the other and differences between the
two considered then a positive difference is cut and a negative dif-
ference fill, See Figure 9. Using this plane as the smoothed model
satiéfies the grade'requirements, but causes too much cut in the hills
and too much fill in the valleys, Continuing along this line of rea-
soning the mean elevation can be cohputed for a smaller segment of the
model such as a long thin rectangle., If the mean elevation, which is
actually the surface of the smoothed mbdel, is considered to be concen-
trated at the center of the rectangular segment then it can be compared
to a small section of the ground directly beneath it. If this segment

or influence zone over which the mean terrain elevation is computed is
free to move about then the mean elevation of the zone will be constantly
changing as the ground elevations beneath it change, but much more slowly.
The Smoothed model surface is actually the locus of mean elevations of
thr ground within the influence zone, If a large zone of influence is
used it will have the effect of greatly‘smoothing the actual terrain
model while a small zone will have less smoothing effect.

Since it is undesirable for a highway to curve excessively it is
only necessary to consider the area to the front and rear of any parti-
cular grid sguare and not to the side. Also, in the same ‘manner in which
the highway engineer needs to analyze the profile before he establishes
the grade line, the zone of influence also needs both a "forward and a
backward look" over the terréin before thé grade elevation is set. The
zone of influence should be shaped roughly like an hour glass instead of
a rectahgle because as the distance from the considered grid square increases,

the probability that the road will pass through a point is diminished. See

Figure 9,
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Ordinary excavation is handled in this system by a separate com-
puter program., The inpht to the program is the mean elevation of the
ground surface and the depth %0 rock within each grid square, The out-
put is cost within each grid square for the excavation or fill for a hypo-
thetical roadway. This hypothetical roadway can be visualized as being
_con§tructed on the surface of the smoothed terrain model. The smoothed
surface conforms to all grade specifications so that grades‘will not be
exceeded, It is constructed mathematically by finding the mean elevation
within the area of an influence zone with respect to one of the grid squares.

The volume difference between the actual terrain and the smoothed
terrain over any grid square is the volume of earthwork within that
square,

The steps in applying this portion of the system would be as follows:

1. Obtain mean terrain elevations for the land within each grid
Square from contour mapé and record them,

2. TRecord depths to rock where the rock is reasonably close to
the surface.

3. Punch this data into cards and:place in the computer with the
earthwork progranm,

4, The computer works through the data in the manner shown in the
accompanying flow diagram, Figure 10, and punches the cost of cut or fill
onto cards which can be used as input to the optimum route selection

program or which can be tabulated and read directly,

Assumptions and Limitations: It was impossible to test this program

out on a computer. However, an attempt will be made to bring out the
assumptions and the limitations which this kind of system imposes and to

recommend that further research try to answer the questions.
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One of the major assumptions of the earthwork program is that cut
and fill balance., Since the mean elevation of the influence zone deter-
mines whether there will be cut or fill at a grid square it is safe to
reason that as long as a possible roadway alignment stays within the in-
fluence zone the amount of cut and fill will be balanced. American
practice is to pay the contractor for only the material excavated.

Since the cut and fill balance and the material that was removed from
one place would be placed in another, this would also be possible in the
model, (Note that material which is commonly wasted, such as peat bogs,
have alréady been handled separately.) However, it is felt that it
would be better to pay for both excavation and fill in the model. The
primary reason for this is that the program which selects the optimhm
route should select routes of low fill in preference to routes of high
fill in the same mamner that it selects small cuts over large cuts, It
could not effectively do this if all fill had a price of zero regardléss
of the depth. Therefore, it is felt that a price per cubic yard should
be assigned to the cut and also to the fill, An assumption which must
be made when this is done is that rock is equally as good a fill material
as earth., Usually rock can be used once it is removed, so this assump-
tion is also valid. However, a method must be devised for weighting the
cost of rock cut, This can be done by using the difference in price
between rock cut and earth fill as the price for rock cut.

The size of the influence zone has already been shown to effect
the amount of smoothing, It Can be readily seen that the size of in-
fluence zone which would smooth mountainous terrain would be so large
that it would oversmooth ordinary terrain. Also, this large influence
zone would cause cuts which were prohibitive, It is felt that a size

of influence zone exists which does a sifficient amount of smoothing and
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yet still leaves some areas too steep. These steep areas could be eli-
minated as possible road locations by the computer. It is not known
whether it changes when different conditions are encountered, This is
probably the most important thing which future research should seek to
find out.

The shape of the influence zone is such that terrain surface ir-
regularities are smoothed more in the direction of travel than normal
to the direction of travel, This means that lateral movement of earth
is not taken into account, It must be assumed that the difference be=-
tween the mean elevation of the ground within a grid square and the ac~
tual elevation a2t any point is small and can be discounted., The only
time the error introduced will become significant will be in side hill
cuts,

The most important question that can be asked concerns a combination
of all the factors which have been discussed. Will a line selected for
the cheapest earthwork costs using this system be as good or better than
one seeking the cheapest earthwork which a careful designer would select?
This question cannot be answered at the present time,

As the computations for earthwork quantities are being done in the
computer all the data necessary for making mass haul diagrams becomes
available., These can be developed for any route which the engineer
specifies. However, at the time that the problem is initially being run,
the engineer has not determined where the alignment will be and therefore
will not be in a position to spec¢ify one out of the many possible align-
ments which exist. Once a line has been picked, however, a mass haul diagram

can be quickly produced by the computer.
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4.6 Roadway Pavement and Drainage

Highway pavement costs are generally recognized as being related to
the type of soil over which the pavement passes (19) (26). As the soil
loses subgrade bearing capacity the cost of the pavement should rise.

It is upon this assumption that the highway pavement costs for this
system are evaluated, It will be found that other factors than the

type of soil play a very important part in determining the cost of pave-
ments, (29) One which has been ignored in this analysis is the long
term economic cost for the pavement in which maintenance will be a major
factor. A more detailed study should try to take the annual costs into
account, The method proposed here attempts to relate the soil conditions
of the location to the cost of a satisfactory pavement design.

In evaluating the cost for roadway pavement it is difficult to iso-
late the costs attributable to soils and those incurred by the drainage
conditions through which the roadway passes (36). Pavement cost is de~
pendent upon the subgrade bearing capacity. The bearing capacity is in
turn dependent upon the type of soil and its in situ conditions. The
most important of these conditions is its natural water content. Inability
to drain allows the water content to increase and thereby causes loss of
subgrade bearing capacity. If drainage does not occur naturally, the
engineer must provide it, Three methods of providing drainage are commonly
useds

1. Changing the cross section by raising the grade line or by modi-
fying the side slopes and ditches,

2. Placing the roadway on a blanket of free draining material,

3. 1Installing a drainage system of perforated pipes or intercep-

tor drains.
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The first of these methods, changing the cross section, is best
handled in the earthwork program. The computer can evaluate the slopes
on which it is basing the_earthwork calculations and change the cross
section to conform to these conditions, The results are reflected in a
change of earthwork costs.

The other two methods of handling drainage require that the designer
recognize poor drainage conditions at the time that soil surveys are made
and that the drainage requirements be satisfied by incorporating the costs
into the design of the pavement. Since type of soil has much to do with
the way it behaves as a foundation material it is felt that in most ine
stances drainage conditions and soil type are closely enough related
that they may be handled simultaneously, There is at least one exception,
That is drainage of cuts., It is not known whether the grade line will be
in cut or fill until after the earthwork program has been run, This can
be handled in the earthwork program by letting the computer check to see
if it is in cut or fill and how much., If the cut has exceeded the criterion
then the cost of drains is added, Althbugh a system such as this would
not be extremely accurate, a great amount of accuracy is not necessary for
location work,

‘The method in which the .remaining costs of pavement and drainage are
evaluated is as follows:

1. A soil survey is made using air photo analysis, field trips, seismic
surveys and other sources such as geological maps and U.S. Department of
Agriculture Soil Surveys to obtain a soil map of the area,

2. Working from the soil map and using a knowledge of the drainage
conditions the terrain is divided into several typical conditions.

3. Pavement designs are made for each of these typical conditions

and the costs are evaluated,
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4. An overlay is made outlining the areas within one uniform set
of typical conditions and assigning to it the costs of its typical de-

sign,

Air Photo Analysis: Air photo analysis is the principal tool by

which the soils engineer gathers the data to compile the soils map.,
Using photographs, a broad view of the ground can be obtained, The
photography which is used should have stereoscopic cove age, This makes
possible delineation of land form and detail which would otherwise be
missed, Belcher states that "unless sterecovision is used as much as
sixty percent of the usable detail may be lost.," (50) The engineer
performing the analysis can perform this job best if he has a knowledge
of geomorphology, geology, sedimentology, and plant ecology; however,
it is not necessary that he be an expert in all these fields. A know=
ledge of the terrain in which the analysis is being made is quite valu-
able, The more experience the analyst has the less field checking has
to be done,

The basic principles of air photo interpretation of soils and rocks
depend upon the identification of air photo patterns which correspond
to the underlying soils, Identification of these patterns consists in
recognizing the photo pattern elements which make up the pattern, These
elements are land form, regional drainage, erosional features, gully
characteristics, photo tones, vegetation, special elements and manemade
features (63). Air photo interpretation is much too broad a subject to
be treated in detail within this thesis, However, it is felt that a
fundamental understanding is necessary in order that its potential as
a data gathering device can be comprehended, Therefore, a short dis-

cussion of photo pattern elements will be included.
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Land forms occur as a product of the material out of which they are
fbrmed, the forces which formed them and the forces which are presently
deforming them, Special names are given to those land shapes which are
clearly the product of special land forming processes, Dunes, drumlins,
cinder cones, terraces, and. eskers are good examples. These forms are
easily recognizable by their shapes, arrangement and plécement within
their environment (46), The identification of iand forms is usually the
most important element of‘intérpretation. By examining the photographs
stereoscopically the shapes can be seen and‘analyzed unless the formations
are of such extént that they extend beyond the bounds of the photographs
A knowledge of land forms enables the interpreter to bouiid areas of like
materials and to predict some of their characteristics (45),

The regional drainage of an area is determined by the'rainfall, the
slopes, the character and permeability of the ground material and the vege~
tative cover, Most important of these is the permeability of the ground,
In sandy material the water is absorbed and no surface drainage develops.
In clay, however, low permeability prevents the absorption of water and
extensive dendritic drainage systems occur, Land form and slope also
help to shape drainage patterns, This tends to accentuate land forms and
make them more recognizable. (70)

Erosional features help the soil interpreter to detect stratified or
unlike soil conditions. Stairstep type structure indicates differential
erosion conditions caused by different soil types. Gullies help in the
identification because of the close association of a gully type with the
material through which it cuts. Flash floods help to cause gullies and
thereby reflect the rainfall of the area,

Gully characteristics are a great aid in identifying the textural
classification of the soil, Vw~shaped gulliés'with steep gradients occur

»
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in sandy soil, On clay slopes the gully systems tend to have brdad,
rounded, saucgr—shaped bottoms, Sandy clays and loess exhibit U=shaped
cross sections, Changes in the shape of the cross section or profile
indicate changes in the soil type,

Photo tones are a more subtle indicator of underlying soil, Light
photo tones mean sandy well-drained soil while darker tones usually
indicate clay and poorly drained land, Care must be exercised when
using this a criterion because recent rains may produce tones totally
unlike those of dry conditions. Shadows may also create undesirable
effects,

Different plants tend to grow in different climates. Some seek
wet, water-logged places, Others prefer dry, sun-parched exposure,
Still others séem to be indescriminate in their selection of environ-
ment, but tend to react to it by lighter or darker colored leaves or by
different.shapes. Evaluation of these differences is made by the inter~
preter in order to deduce the conditions which produced it,

Many special elements of the terrain are often recorded on the
aerial photographs. Features such as ice holes, old channel markings,
braided ridges and texture of overall appearance are characteristic
of glacial outwash areas and help in the identification of this type of
terrain (52), Micro relief will sometimes give a clue to the mode of
origin of a soil and thereby reveal its material,

In areas occupied by man many things can be observed which indi=-
cate the type of soil which exists, Large buildings and villages most
of ten occupy positions in which good foundation conditions occur (74) .
Farming must take place on reasonably well=drained soil and yet pbsié
tions which tend to be arid will not be selected., The type of crop which

is planted is another indicator, Frequently farmers will deave unplanted
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rows within a crop for drainage purposes., Contour plowing and terracing
are two other ways in which the soil types are revealed (62).

In preparing the soils map of the Route 28 test section from which
the pﬁvement designs were made use was made of many of the air photo
elements just described, In addition it was necessary to have an exten=-
sive knowledge of the glacial processes which produced the land forms
. and the majority of the surface material,

Examination of geological maps (31,33,37,38) showed that the area
under consideration contains bed rock, chiefly granite and gabbro diorite,
which has been intensely glaciated, The last cycle of glaciation took
place during the Wisconsin ice age, Very little weathering has taken
place since that time so that there ﬁas been no chance for the develop~-
ment of an extensive soil profile, (23,24)

The following points were noted with fespect to the air photo inter=
pfetafion of the soils of the test area,

1. Photographs with a scale 1 to 20,000 were most valuable in identi-
fying and analyzing the land forms which occurred in this section, However,
most of the analysis was accomplished using the scale 1 to 9600: because
of the immediate availability of these photographs, It was found that
this scale was desifable for analyzing some of the smaller features and
some of the land use factors, The large scale 1 to 4800 scale photos were
of value mostly as a check on details,

2, The area was essentially a’glacial outwash area containing only
a few large hills,

3. The terrace areas of the outwash plain were in general light
colored and contained most of the agriculture of the region,

4, The areas of glacial till were darker in color, had a distinct

texture, were fairly densely wooded with small trees and contained most
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of the human habitation. The depth to bed rock in these areas was
of ten very small,

5., Peat bogs were very light in color (because of frost and frozen
ground,) contained a distinctive tufty texture and were very easily recog=-
nized, On the two other scales, 1 to 20,000 and 1 to 4,800, the bogs
appeared dark,

6, Kames and other gravel deposits also had a light photo tone and
frequently.contained gravel pits., Pine trees identified by their dark
color were the most often found vegetative forms on these deposits,

7. It was difficult to identify exactly the zone of transitiom
between giacial till and terrace, The reason for this was partially
because the till was well-drained and slightly sandy in nature.

8. Rock depth was estimated on the basis of rock outcrop, geolo=
gical land form and effect on tree growth,

9, Peat depth was estimated on the basis of Surrounding land form,
vegetation growing within the deposit and distance from the edge (73).

10, 1It was.computed that the vertical exageration of the 1 to 9600
scale phofos when viewed stereoscopically through a pocket stereoscope
was equal to approximately 2.4,

Airpphoto analysis of the region was undertaken without the aid of
surface geology maps, However, it was found that information obtained
from a small-scale soilISurvey map.of the county (24) agreed remarkably
well with the soil map produced by air photo analysis. A field check of
the area proved that most of the terrain was correctly marked,

The first look at the photographs failed to detect rock outcrops.
The field check pointed out the error and upon further examination of
the photos the rock outcrops were not only verified but extrapolated to

positions which were unobservable in the field, It is felt that an
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has
analyst who,had considerable experience in similar terrain would have

been able to avoid this pitfall. Also, that it would be possible for
him to estimate the depth of owerbutden over rock and the approximate
depth of peat bogs. Although expensive, it probably would prove econo~
mical to make punchings or seismic surveys on strategically located
deposits especially of large areal extent.

The following categories of soil were identified on the photographs
and marked on the soil map overlay, Pigure 11,

Ice channel deposits = heavy grénular deposits with some boulders,

excellent drainage
Kame deposits = heavy to light gravel deposits with excellent
drainage
Terrace = sandy gravelly soil with good drainage
Glacial till - thin deposits of bouldery well-graded till material,
only fair drainage |
Drumlins - thick deposits of till material containing boulders, fair
drainage
Poor surface drainage -~ areas in which there is no peat but the soil
is very poorly’drained

Muck and peat -~ spongey organic materials in water

Rock outcrop = clearly outcropping rock
The depth to bed rock and the depth of peat bogs are alsoc shown on the
soil map, This was done by circling the area and placing a reasonable
figure for the depth within the circle in the same manner as a confour

1ineo
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Pavement Design: It was decided to divide the soil categories

which were identified from the air photo mosaic into three groups for
the pavement thickness design., These three groups zreg

1, Granular soils~=which include ice channel deposits and kames,

2, Sandy soils=--~mostly terrace, |

3. Silty soils~~including glacial till, drumlins, and drift

material,
Flexible thickness designs were made for each of the three soil groups,
The Asphalt Institute method was used, (15) Values of CBR were esti=-
mated from typizal test data of glacial soils found in references 1 and 50,
This method was supplemented by the Corps of Engineers frost design pro-
cedures in the frost susceptible materials, (19) The thickness of as=
phaltic concrete surface and penetrated crushed rock base was deter mined
to be 8 inches, This thickness was held constant for all designs and the
subbase thicknessvvaried to meet:the subgrade bearing requirements,

Using the thickness determined for the three soil groups the design
costs were determined in each of the original soil categories, This was
done by evaluating the costs for typical cross sections using the pave=
ment thickness determined previously and providing additi onal drainage
facilities in those sections which need additional treatment, These
cross sections and the resulting costs are shown in Figure 12, ‘The cost
for additional drainage in long cuts or for cut in rock can be most expedi-
tiously handled by the computer within the earthwork program, It is
necessary>to add these additional costs only if the grade line is found
to fall within a deep cut or in rock,

'The costs shown on Figure 1% were used to compile the mosaic overlay,
Figuré 13, The pavement‘design for areas within peat bogs is the same as

that for terrace material because the material used for backfilling is
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Fisure 12 PAVEMENT DESIGNS AND COSTS
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usually granular in nature. Note that the cost for peat excavation is

evaluated under earthwork costs,

4,7 Structures Costs

The most inportant structures in a highway system are its bridges.
The advent of the controlled access highWay had made them even morehimp
portant. The costs for building these structures is one of the major
costs of the total outlay for highways. Structﬁres costs amounting to
one~-third the total costs are not uncommon for controlled access faci=
lities, Serious consideration has therefore been given to the problem
of evaluating the cost for bridges and culverts before the actual location
has been established., 1In this way the overall practicability can be
evaluated before the location becomes "fixed,"

The cost for building structures is mostiy a function of the type
of bridge, the length of span and the soil conditions of the site.*
Also important are the alignment and the grade line of the roadway,
The bridge locator can analyze many of these factors while looking at
étereoscopic pairs of the bridge sites, The general direction of the
roadway alignment is already known. A glance both forward and backward
will indicate whether the bridge is likely to be badly skewed, The
soils conditions of the site are available from the soils map or from
a more careful analysis of the terrain surrounding the bridge, The
probable length of the bridge can be measured with an engineers scale,
The bridge type must be estimated on the basis of experience, Alignment
and grade are difficult to estimate, except ffom-a:judgment standpoint,
in a system such as this where the location has not already been selected,

The most frequently encountered bridge type on American roads is

* Most of the information cited in this section has obtained in conference
with practicing bridge engineers,
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the highway overpass, This type is built under generally uniform con=
ditions and therefore the price differential is small for bridges of
about the same length (35), The highway underpass is also a commonly
occurring structure, Because of its similarity with the overpass it
can be expected to vary in the same manner, The biggest price differences
between bridges within these two types is found to be in the cost of
abutments. Bridge prices are sometimes resolved into costs per square
foot of bridge surface so that different size bridges can be compared,
Large abutments raise the cost per square foot; however, the additional
length required for open abutments reduces the costs in about the same
proportion, Conferences with practicing engineer$ seems to indicate
that the costs expressed inithis manner are fairly consistent,

The trend in highway bridges today is to span everything possible
with I beams or plate girders and to use through and deck trusses for
the more difficult locationms, Larger, more complicated bridges, are
not as‘;asily estimated using a rule of thumb such as this, For I~beam
bridges with spans up to about 300 feet the price seems to be more or
less proportional to the span,

Data was gathered for bridges in Massachusetts, New Jersey and
Florida and then reduced to costs per square foot, (35,42,80) Repre-

sentative figures for these bridges were:

Open abutment parkway underpasses $17/sq, ft.
Open abutment parkway overpasses $14/Sq. ft,
Closed abutment bridges $30 to $40/sq. ft,

The figures shown are on the basis of square feet of deck area and include
the cost of foundations and abutments, They do not include the cost of

any modifications or surfacing which must be performed on the road being
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bridged or on channel improvements which must be made. These costs
should be added to the total cost.

Using these costs a chart was plotted comparing total cost versus
length for the various types of bridges, Figure 14, A‘large part of
the information for arriving at the various costs presented above was
obtained from a plot of cost versus deck area for open and closed
abutment types. This plot was seen in the Boston offices of Fay, Spofford
and Thorndike, Cohsulting'Engineers. It is felt that cost data compiled
in this manner would be quite valuable in estimating the costs of structures
for location purposes. The chart can be used quite readily by the engineer
to obtain base costs for different types of standard highway bridges,
More complicated bridge types would have to be handled by an engineer
experienced in estimating bridge costs versus deck area. This work
could probably be simplified if plots could be obtained cohtaining
the basic cost data for many bridges. Changing costs caused by economic
fluctuations can be kept current by applying the Engineering News Record
cost index (34).

The costs for culverts is treated in much the same way as bridges.
In culverts the important variables are the culvert size and the length
of pipe. The length of pipe is partially dependent on the depth of fill,
The engineér may find that it is necessary to know the drainage afeas
'roughly before the culvert sizes can be estimated, Cost data was obtained
from the Massachusetts Department of Public Works for various sizes of
reinforced concrete box culverts in place, This data was then plotted on
Figure 14 by showing curves of cost versus width of culvert. Assuming
a standard width cross sebtion, which in this case was 115 feet, and side
slopes 2 horizontal to 1 vertical the culvert lengths for 10 and 20 feet

of fill were computed and shown on the chart as vertical lines.
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Fisure 14 COSTS OF STRUCTURES
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~ Using information like that presented the bridge cost estimator can
make a rough approximation of the cost of bridging streams, roads, and
railroads or any barrier which has to be bridged., It is important to
obtain representative values which reflecf the differences in cost be-
tween one bridge site and another, a§ the computer will later seek the
most economical route,

The method which the bridge cost estimator would use in evaluating
the cost of structures is somewhat as follows:

1. The drainage system and roads which are to be overpassed are
marked on an overlay sheet,

2. Using stereoxcopic pairs these barriers are examined to locate
crossing points and to estimate the variables which would influence the
cost,

3., The costs are estimated using a diagram like that presented in
Figure 14, The estimate given by the diagram should be adjusted to fit
fhe conditions surrounding the site.

4, The estimated costs are recorded on the overlay. As the founda-
tion conditions, length, or the type bridge which should be used changes
the estimated costs change.

Figure 15 shows the structures overlay that was obtained for Route 28,.
It can be seen that bridges appear as bands of high cost. Unlike the other
éverlays the grid squares within the baﬁd of high cost had to be indivi-
dually selected to give the proper representation. The 200 foot grid
size does not adequately describe the shape of roads or rivers, If the
squares had not been selected situations could have occurred in which
the cost of a bridge was not added into the cost of a route., This will

be discussed in more detail in the discussion of grids.
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Another difficulty which is present is the accuracy to which the
costs of bridges can be estimated., An accuracy of plus or minus 20
percent appears to be about as good as could be expected, under ideal
conditions. The present methodé of performing highway location are limited

to about the same accuracy, however,

4,8 Miscellaneous Costs

Beside the ordinafy costs associated with the building of highways
there are generally several special costs of‘a miscellaneous nature.
These can be evaluated on separate overlay sheets., These costs ¢aniin-
clude such items as utility replacement, traffic desire, interchanges,
or details like guard rail placement, right of way, fences, or grassing
and slope protection, Any item which demands special attention can be
placed on a separate overlay sheet. Planning factors can also be con-
sidered if they can be expressed in terms of cost.

Traffic desire will deserve special attention in some cases., In
the event that a major detour is being contemplated a method which will
account for the incremental costs of traffic inconvenience and time lost
should be devised., This can be done by considering a cost model shaped
like the backslopes of a highway cut only with much flatter slopes. The
more traffic is expected the steeper the side slopes would be. 1In most
cases however, it will be unnecessary to consider this factor because
the location band within which the route is located is usually much longer
than it is wide, Actually, the optimum route selection program will take
into account the increased cost of construction caused by deviating from
a straight line between the two terminals.

The location of interchanges is another factor which demands attention,
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The engineer must decide which locations must have interchanges and the
épproximate cost of the interchange, If an interchange can be located
at any place along the transverse road'then the engineer can evaluate
the cost of interchanges at frequent intervals along the transverse road
and assign the costs to a price barrier on top of the transverse road.
This price barrier will appear on the overlay much like a large bridge.
If the location of the interchange isvtelatively fixed and the highway
must travel through the interchange site this is accomplished by erecting
a barrier which has its only breach on the location of the interchange.
The square forming the breach will contain the total cost of the inter-
éhange.

Since no items of a special nature appeared in the test section it
was not necessary to prepare an overlay sheet for miscellaneous costs., -
It was decided that since the highway was not intended to éervice the
immediately surrounding community traffic desire would not play an im-

portant role in the final selection of the route.

4,9 Preparation for the Computer

After the separate overlays have been prepared the next step is to
add the costs contained in each square of the overlay to that of the
corresponding squares in the other overlays to obtain the total cost at
each point, This could be done on én adding machine instead of a com-
puter, but the time and effort required would be prohibitive. Also, it
will be desirable to have these total cost figures already in the machine
so that the optimum route selection can be performed,

The overlay sheets contain only the outlines of the areas in each
cost fange. Within each the engineer has marked the cost. In order for

a digital computer to work on the data in this form it is necessary to
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indicate the area boundaries to the computer, This can be done by
dividing the surface into a matrix or grid and recording the data within
each square., This has the advantage of confining the area which is being
studied and was particularly desirable in the case of bridges in which
the total price of the bridge was assigned to one grid square, Indi=-
vidual houses also encountered the same problem,

In order to prepare the overlays for punching they are placed on
a surface which has been marked off into grid squares of the proper size
and oriented so that the grid corners are the same on every overlay, 1In
this way the key punch operator can see the area which contains a uni-
form value and also see the grid system. The cost values taken from the
overlay are then punched into the card in regular order from one side of
the location band to the other and progressively along the band in the

direction of travel,

Grid Makeup: The makeup of the grid was the object of considerable
study. Several different patterns and arrangements were considered.
Squares have the advantage of simplicity, ease of manipulation,znd
flexibility in obtaining different sized grids., The majo? disadvantage
is that a square has 8 other squares around it; four which are connected
to it by a side, and 4 which join*it at a cornmer, 1In thé optimum route
analysis the computer progresses through the squareé searching for the
lowest costs. If two high cost squares join at the corner the computer
can cross between them. Thus, for a barrier such as a river the squares
must be carefully arranged so that the computer_will not jump across be-
tween corners.

This problem can be solved by using a hexagon, instead of a square.

The héxagon is always separated from other hexagons by a side instead of
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a corner so that a sinuous path such as a river can be approximated by

a string of single hexagons without the possibility of a jump across the
corners, The hexagons have the additional advantage that the centers of
adjacent figures are all equidistant from each other even on the diagonals.
The hexagons have some disadvantages, too., The method of progression in
the optimum route selection program is complicated because the hexagons
do not ltg in a straight line from one side to the other. Every other
square in the row is a whole step ahead of the ones on either side of it.
If the hexagons are oriented in the other direction the optimum route
could never progress straight ahead but must weave back and forth.

The hexagon is also more difficult to obtain in a variety of scales

than squares and is more difficult to understand and explain.

A system of offset squares in which the offset occurs on every other
lengthwise row with one half a square displacement gives almost the same
situation as a hexagonal arrangement. The only difference is in the shape.
From a data gathering point ofiview the two are equal except for the

- ragged edge presented by the square, Ciréles were also considered, but
were eliminated in favor of hexagons. The advantages of the hexagons
would outweigh theother systems if a way could be devised to handle the
optimum program difficulties, The system of squares was adopted in the
practice problem because of the'simplicity and because of the ease of
drawing squares. It is felt that additional research would solve the

problems associated with hexagons.

Grid Sizes: An analysis of the sizes of grids showed that a 200
foot grid was the most desirable for the final map. A 200 foot grid
contains an area equal to 0.918 of an acre, This is close enough to

an acre to do the estimating on the basis of costs per acre., The analysis
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(shown in Appendix 1) showed that 200 foot squares produced 697 grid poiﬁts
per square mile. A 100 foot square produces 2,790 grid points per square
mile. It is felt that the additional accuracy gained by a 100 foot grid
size will not justify the additional work required to obtain it. A 500
foot square will be most valuable for preliminary, large scale photo-

graphic reconnaissance,

Cost Recording:s It was impossible to record costs with a grease

pencil in the small areas of the overlay without excessive crowding of
numbers. The larger prices contain 6 digits while some of the smaller
prices have only 2, Since the same level of significance is required
for both sets of numbers a logarithmic ﬁethod of recording the numbers
can be used, The first 2 digits of tﬁe logarithmic number is composed
of the most significant digits of the cost. The 3rd digit is the number
of digits following the 2 significant digits of the cost., Thus $2,300
would be wiitten 232 and $257,000 would be written 264. This system
allows more data to be puf on a card, Output is also simplifigd be=-
cause the data can be printed out in 3 digit blocks. This form does
have the disadvantage of being slightly harder to read.

If punching of the data proves to be very laborious a system can be
adopted to simplify this data input. It would work in the following
manner, The first cost is punched into the first word of the data card,
The second word contains the number of times this cost is repeated. The
third word contains the second cost and the fourth word contains the num-
ber of times it is rppeated, etc., The computer can be instructed to re-
peat the costs internally for use in computation.

After the data cards containing the cost data of the individual over~

lay sheets have been punched they are placed with the output cards of the



58
earthwork program and fed into the computer with the program for com-
puting the economic cost model, It was found feasible to combine this
program with the optimum route seiection program. Therefore, a block
diagram showing the éomputer processes of both programs will be presented

at the time the optimum route selection program is discussed,

4:10 The Cost Model

After the data from the individual overlay sheets has been punched
into cards and placed in the machine the computer adds the costs at
each grid point to produce the total cost within each square, This
total cost is the cost of building the highway through that one grid
square. 1In spite of the fact that the actual costs in nature may take
up only a-part of the area within a grid square it is assumed that the
costs in the model are spread evenly over the square. As was mentioned
before the total cost model which is produced in the machine by adding
these small incremeénts can be visualized as being a model of the terrain
where the relief is cost instead of elevation. The hills are the points
of high costs and the valleys represent low costs. A river or a road pre-~
sents a barrier like a wall because of the high costs for structures.

A model like thi; would be of great value to the highway location
engineer, The relative cost advantages of one route over another can
be seen at a glance. If the alignment of a trial route is plotted on the
model the total cost of the highway can be obtained by adding the values
of each of the grid squafes through which the road passes. This can also
be thought of as the areé underneath the profile of the cost model. Al-
ternate routes can be easily compared by adding the grid squares in each

alignment and comparing the costs obtained.
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The computer cannot be made to punch out this data in the form
of a relief model. However, as previously explained, it can punch it
in the form of 3 digit numbers., These numbers can be centered and
spaced on a card tabulator so that they fall within a square format, The
grid can even be drawn in if this is desired. In this manner about 20
grid points can be handled on one tabulated line. This repressnts 4,000
feet using a 200 foot grid. A picture can be taken of this format and
it can be reduced to a diapositive with the same scale as the air pheto
mosaic, With the diapositive the costs can be superimposed directly
over the ground features shown on the mosaic which caused them, The
cost model in number form can then be used by the designers as an aid
to locating the best route,

Even using the cost model it might be difficult to locate the most
economical route, There will be cases in which the costs values will
be very irregular, ‘It is conceivable that the squares along one side of
the model might contain many barriers of high cost while maintaining a
matrix of low costs, It might become necessary to compare & potential
route on this side of the model with one on the other which ran through
a very uniform medium cost, The final answer could be obtained by adding
the costs in each of the grid squares along the two roufes. However,
since the computer can-'do this more efficiently than the engiheer and
because the computer can be programmed to determine the very cheapest
route with only one pass of the data a method for finding this optimum

location has been explored,

4,11 Optimum Route Selection

When overlay cost variables have been added to obtain the cost of

building through each square these total costs may be used in the selection
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of the optimum route. The principle of the computer program which per-
forms this operation is‘simple. If the cheapest possible route to every
square along a row transverse to the direction of travel is known then
the cheapest possible route to each square in the next row can be com-
puted. This is done in the following manner, Starting with the first
row the cost of the most economical route through each square is the in-
cremental cost contained within the square. In the second row the least
expensive path of the three pessible paths to any square is that from the
square containing the lowest cumulative cost of the three contiguous
squares in the first row. The cumulative cost of the square in the first
row is added to the incremental cost of the square in the second row to
obtain the cumulative cost of building the road up through that square in
the second row. See Figure 16 for the procedure. This procedure is fol-
lowed for all the squares in the second row, In the samevmanner the cumu-
lative cost to any sqﬁare in the third row is éomputed by adding its in-
cremental cost to the least of the three possible cumulative values from
the second row, This routine is continued until all the transvérse Iows
along the prospective route have been traversed, and the cumulative cost
for each square computed., At thevsame time that the cumulative costs

for any square is computed the computer also-records which of the three
possible squares was selected., This information is retained so that

when the optimum path is located it can be fraced out,

After the cumulative cost has been computed for each square in the
area to be analyzed the most ecohomical route through the whole model is
obtained., This is done by comparing the cumulative costs of the $quareswin
the last row and selecting the one with the lowest cumulative cost. 1Its
path is then traced back. This path is the most economical path through

the model and its cumulativé cost is the lowest cost which can be obtained
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Fieure 16  OPTIMUM ROUTE SELECTION
PROCEDURE

THE DIAGRAM ILLUSTRATES THE METHOD OF FIGURING THE LOW-
EST CUMULATIVE COST FOR ANY SQUARE IN THE 2™ ROW FROM
THE LOWEST CUMULATIVE COSTS OF ALL SQUARES OF THE IST ROW
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DIAGRAM SHOWING A PORTION CUT OUT OF THE COMPUTER
MEMORY. THE COMPUTER ADRESSES CORRESPOND TO THE GRID
SQUARES OF THE COST MODEL

GIVEN:

2 ooz = THE LOWEST CUMULATIVE COST THROUGH SQUARE OO|Z
Zoos = THE LOWEST CUMULATIVE COST THROUGH SQUARE ©OOI3
Zooiqa = THE LOWEST CUMULATIVE COST THROUGH SQUARE ©OI4
Zocsa= THE LOWEST CUMULATIVE COST THROUGH SQUARE O0O63
Ao ey = THE INCREMENTAL COST THROUGH SQUARE OO63
Doosz = THE INCREMENTAL COST THROUGH SQUARE OOz

FIND:

THE LOWEST POSSIBLE COST FOR BUILDING A HIGHWAY THROUGH
 SQUARE. 0063. IN ORDER TO DO THIS; Sooiz ; Toois AND = oo
ARE COMPARED TO FIND THE LOWEST.

ASSUMING Sooe IS THE LOWEST, THE CUMULATIVE COST FOR
SQUARE. 0063 = X ooz +{Aococea) |. 414 = = oocea

IF A DIAGONAL LINE IS CHOSEN AS |S THE EXAMPLE [N THIS
CASE THE INCREMENTAL COST, Acces, |S MULTIPLIED BY 414
BEFORE ADDING. THIS 1S NECESSARY BECAUSE OF THE
INCREASED LENGTH OF ALIGNMENT., AFTER THE COMPU-
TATION = REPLACES A IN THE SQUARE.
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for building a road from one end to the other, The computer flow
diagram is shown as Figure 17,

In performing this program the computer has been programmed so that
it will always pick squares which lie within 45° of the true desire and
which from a continuous chain across the model. Therefore, the route
selected can never turn back on itself. Although the route could
possibly switch back and forth across the model it will be restrained
from doing this because of the additional length travelled. The condi-
tions of maximum curvatu;e are imposed by 3 squares along the longitudinal
axis of the model, the middle one of which is displaced to one side,
This condition gives 90° of curvature in 600 feet or 15° per 100 feet,
The assumption which was made in using grid squares to represent the cost
of building was that the cost was uniform over the whole grid. This is
not quite true, However, using the optimum route from a machine a
smooth line can be located which follows the general alignment but which
is not strictly confined within the squares of the optimum route, If
desirable the computer can be made to obtain an optimum band which is
two squares wide instead of one, Also, more rigid requirements can be
set up governing the deviation from the desire line,

An obvious disadvantage of the program as it is presented here is
that it selects onlf one optimum path. Several alternate solutions are
not selected. However, the trace of all pathes can be punched out by
the computer and the engineer can select several local alternates which
hold the possibility of more desirable results even though they will be
more expensive, It is felt that further development will make possible
a system whereby several alternate routes with their costs can be pre-

sented to the engineer.
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Fieure 17— OPTIMUM ROUTE PROGRAM
FLOW DIAGRAM OF COMPUTER PROCESS
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In order to study the operation of the system it is possible to
)have fhe cumulative costs for each row punched out. Using these it
is possible to plot iso potential lines of the cumulative costs. These
lines connect points of equal cumulative cost. They make it possible
for the éngineer to see just exactly how the machine progresses through

the model,

4,12 Methods of Qutput and Presentation

Once the process of forming the cost model and selecting the optimum
route through it has been solved by the computer there remains the problem

of getting the data out of the machine in a form which is usable and under=-

standable to the engineer,

Digital Output: The output for optimum reute selection can be pre-
sented as a Series of coordinate points which the engineer locates on
a grid overlay and connects with a line before placing on the air photo
mosaic, Although this line may twist about a good bit the engineer will
be able to draw a smooth curve through the points for use as the pre-
liminary location. As pointed out previously it may be more desirable
for the machine to select a band two squares wide than only one square
wide,

It is desirable for the engineer to be able to view the cost model
in addition to the optimum route. Minor changes in location alighment
become desirable as planning progresses, These changes are most easily
made by looking at the model, To a certain extent the optimum route can
be compared to alternates to see how much better it is by studying the

cost model,
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In order for this cost model to be valuable to fhe engineer he
nust be able to see and comprehend it, The problem of creating visual
impact is quite difficuilt, The only thihg which the computer is capable
of producing is numbers, Numbers by themselves are very difficult to
comprehend at a glance, It is necessary that some other form of oute
put be adopted which is eésily understood.,

Thé most eaéily understood would be a wax model coataining the cost
hills and valleys. This could be manufactured by setting up the punched
program output card so that it would become the input card for a card
operated automatic cutter head. The cutter head following the coordinates
of the cost model contained on the punched card would proceed to cut the
wax to shape aiong one cross section, It would continue this operation
card by card until the whole model was formed, This form of output has
two disadvantagesy 1, It is more qralititative than quantititative,

The height of hills couid be easily compared, but no figures are available
for cumulative cost comparisons without further treatment. 2. The

mod el would be difficult to make because of the lack of availabiiity

of card operated milling machines,

A modification of the same scheme would be to use a coordinate
plotter to plot the results of each card on heavy cardboard, The card-
boards can then be cut out with a p#ir of scissors along the piotted
line and placed in a stand so they will stand side by side and slightly
separated, Viewed from an angle the elusion of depth is created. The
spaces can be filled with modeling clay if a solid model is desired, This
method would be quite difficult and time consuming for the type results
obtained,

Contour maps of the output were considered and discarded because of

the difficulty of drawing contours from the digital output of the computer,
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and because of the nature of the cost model. The model contains many
vertical faces and making a contour map would be muchilike making a con=
tour map of the buildings of New York City.

A more sophisticated method of'output presentation is to modify an
automatic photograph dodging machine such as the Logetronic dodging
machine so that it will read punched output cards and convert these im=
pulses into brightness of light within each grid square, This brightness
is then exposed onto film, After the film has been develobed it will
show shades of darkness proportional to the cost,.

The most feasible method of using the output data from the computer
seems to be to use the numbers direct, A card tabulator is set up so that
it will print the output cards onto a continuous sheet of paper., A set
of three digits of output for each point is placed within a space cor-
responding to the grid squares, The result is the reproduced grid squares
of the model each containing the cost of the highﬁay within it, The cost
model can be made much easier to see and understand by the addition of
color, This is done by selecting several shades representing the various
levels of costs, The darker shades represent higher costs while the
lighter ones signify lower costs, The addition of color will give the
engineer the visual impact necessar& to examine various location possi=
bilities by eye. The numbers which remain on the sheet are valuable.to
the location enginéer for quantitdative evaluation, This sheet can be
adjusted in scale so that it will fit with tﬁe air photo mosaic and the
two can be used together,

This general form of output was used to present the cost model of
the Route 28 test section, See Figure 18, To make the model more com=-
prehensible the costs are presenfed in thousands of dollars per 200 foot

squares instead of in the logarithmic numbers previously described. Also,
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the costs are not recorded in each square but only once for all conti-
guous squares, In order to be able to reproduce the drawing shading

was used instead of color, The optimum route was selected by eye and
placed on the cost model as an iliustration of the way the final location
might look, Notice that the cost of earthwork has not been included in

the cost model,

Analog Qutput: An entirely different approach to the problem of

output was alsb‘COnsidered. It was felt that the problem would con=-
veniently lend itself to a solution performed in an analog manner, If
the variables could be analyzed on overlays and then added bypplacing
them one over another to obtain the final cost model it would save the‘
considerable trouble and effort of putting the problem in the computer,

The first method considered was the use of colored overlays, It
was found that using color was difficult because of the many factors
which color introduces, Luminescence, hue, shade, and available light
tend to complicate the prbblem.

The use of color as an analog adder suggests the use of more easily
appliéd tonal colors like black and white, These can be applied by filters,
The filters are cut off sheets of film, A rénge of tonal colors which
vary from black to white at the extremes is used, The filter material
is trimmed to shape and applied to the air photo moéaic; The whole
mosaic is built up in this manner like a patchwork quilt, ‘The more ex~
pensive areas are covered with darker material and the 1ess'expensive
areas are left with lighter tones, After all the variable sheets have
had filter material applied they can be placed one on top another to pro-
duce a varying density analog model, The filter material would necessarily
have to be calibrated so that when added the results would be consistent,

This can be done by assuming the filters are made out of a number of unit
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filters. This unit filter might be one which allows the passage of
90% of the‘light falling on it, Then, two of these unit filters would
pass 90% (0.90) = 81%, Three would provide 90% (0.90)(0.90) = 72,.9%
light passage.‘

One of the major problems of using an analog filter model is the
problem of making it. It would be quite time casuming to have to
hand cut all the filters and place them on the overlay, Another ob=
jection is the large number of different shades of filter that would
be necesséry. This second objection can be eliminated by the use of
polaroid material, If one piece of polaroid material is used as the
overlay then the different tones desired can be obtained by orienting
an.upper sheet in the proper direction and $liéing it out with a razor
blade to fit the bounds-of the section, The direction can be specified
mathematically by this expression,

Iu = IOCOSZu

where Iu is”the relative intensity of the light transmitted by two superposed
polarizers whgn the angle between their polarizing axes is u and Io is the
relative intensity of light transmitted when the angle u is zero and the
two polarizing axes are parallel,
Using the formula the direction of orientation of the polarizers can be
computed from the cost recorded in the section, 1In this method the
various overlays could not be placed one on top another to Gbtain the
final result because the polarizing effect between two overlays would
observe the final result, using a non~polarized film positive of each
overlay in the final addition would circumvent this problem,

The major objection tothe analog method in .general is the complexify

of hahdling the many small sections used as the filters on the overlay,
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The analog method also incorporates no method for computing the volumes

of earthwork, Earthwork volumes would still have to be computed on a

digital computer, The ability to present an easily interpreted visual

output appears to be possible using the digital computer, It is felt,

therefore, that the digital approach shows more advantages than the

analog approach,
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5. DISCUSSIOGN OF RESULTS

Using thg highway location system proposed by this thesis it is
poséible to determine the costs for a road built in any location, This
makes possible the comparison of many alternate routes or the selection
by a computer of the optimum route, The ability to select the optimum
route suggests the possibility of 1argé location savings., It cannot be
predicted‘just how much the location can be improved upon over routes
selected using conventional location procedures, It is felt that there
would be both more time and more expense required to produce a study of
this nature, However, more engineering expense and time would be justi-
fied if a considerable cost saving could be effected. A full scale test
project should be undertaken to see if significant cost savings can be
made by using a system such as this,

The data gathering which precedes the location analysis is more
extensive in this system than that performed in conventional practice,
The methods are more efficient, however, It is expected that the costs
obtained wili be more accurate than those obtained for ordinary pre=
liminary route studies, primarily because of the additional data which
it is possible to analyze., The system works best if the planning staff
is made up of specialists in the various phases of highway location,
Using thé integrated type of system allows the location engineer to con~
solidate and coordinate the work of many people,

Several of the parts of the system are very useful when used alone,
The Studylof the sysfem parts pointed up the usefulness of air photo
énalysis as an aid to the location engineer, It is extremely useful in
the studies of land costs, soil surveys or in bridge location analysis,

The use of an uncontrolled stereo air photo mosaic as one of the chief
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location aids would be beneficial in many cases, Théaoptimum route
selection procedure and the earthwork approximatioh method may have

value in other applicationg., They can be used together without the
rest.of the system to select ohly the best earthwork path or band,

The size of the grid used can be reduced and higher accuracies obtained,
The deveiopment of electronic methods of surveying will increase the
6pportunities for using the approach used in the earthwork method be-
cause the terrain will actually be stored as numbers or as bits which

can be converted to numbers, A modification of the earthwork procedure
might prove valuable as a method for selecting the optimum site selection:

of tanks or buildings in rough terrain,
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6. CONCLUSIONS

The nature and purpose of the thesis was essentially the explora—
tion of highway location methods and the synthesis of a system to per~
form tﬁis location, For that reason there are relatively few conclusions,
The most significant of these ares

1, Using the system as conceived it is possible to determine the
costs for a road built in any location and to find the cost for the
road built on the optimum location,

2, The comparitive costs can be obtained to sufficient accuracy
to determihe the most economical of the alternate routes, The accuracy
will probably exceed that used in conventional preliminary route studies,

3., At fhe present time it is not feasible to make a definite
conclusion about the practicability of the -system, It is felt that
there would be both more time and more expense involved in using the
system, At the same time it appears there would be savings in cost of
location,

4, The feasibility of the entire location system should be further
tested using the completed computer programs on an actual full scale
test project,

5. Pafts of the system may be usable outside the system. The
optimum réute selection procedure and the earthwork approximatioh method

both appear promising,
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APPENDIX 1

GRID SIZES

100 Foot Grid

5280 _ 5280 _ . .2
~55 XS5 ¢ 2,790 grid points per/mi

100x100 _ 364000 _
43,560 43,560

«23 or approximately 1/4 acre

A final map scale of 1" = 50* seems appropriate, Grid will be 2" on this
scale,

Photo scale = 1/3000, 1"=250*, Grid for photos = 0,4 in sq,

200 Foot Grid

5280 _ 5280

. . .2
55 X S5 697 grid points per/mi

200 x 200 _
43,560

.918 acres or approximately 1 acre,

Final map scale would be 1" = 200*, Grid will be 1" at this scale,

Photo scale is 1" = 800*, 1/9,600, Grid for photos = 0,25 in. sq.

500 Foot Grid

5280 5280 _ .. oo .. . )
555 * 5o 11,2 grid points per/mi

This scale ia appropriate for larger scale reconnaissance photos,
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APPENDIX 2

Flexible Pavement Thickness Design

using Asphalt Institute Thickness Design Manual

Design of Upper Pavement Layers

Traffic classification = very heavy
Maximum single axle load -~ 32,000 lbs,

Asphaltic concrete and macadam base

1., Suggested surface thickness for very heavy traffic = 4 in,
2. Minimum thickness pavement and base = 10 in. Base = 10 in, = 4 in =
6 in,
3. If penetration macadam is used for the base the 6 in, base thicke
6 in

ness can be reduced to i%fzh/in = 4 in,

4, Base may be substituted for surface on an inch for inch basis,

Design of Lower Pavement Layers

For subbase material CBR assumed = 60% to 30%
For CBR = 30% only 6 inches total thickness of asphalt and base needed,
Therefore, this is acceptable subbase material,

Silty subgrade

CBR assumed = 7%

Total thickness needed = 15 in,

Thickness of subbase = 5 in,

Because of frost action this design will not be acceptable, The
Corps of Engineers Frost Design was used,

Design Freezing Index = 600

Combined thickness of pavement and base to prevent substantial

subgrade freezing = 24 in,

Base thickness = 14 in, In the case of Fe~4 material add 4 in, of
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filter material, Total base thickness = 18 in,

Sandy subgrade

CBR assumed = 15%
Total thickness needed = 10 in, from chart,
No subbase needed if frost design is unnecessary,

If subgrade is frost susceptible, base thickness required = 14 in,

Granular subgrade

CBR assumed = 25%
Total thickness needed 10 in, from chart,
No subbase necessary.

If it assumed that this material is not frost susceptible,

Poor surface drainage

The base thickness design is governed by Frost thickness,
Base = 18 in,

It is also assumed that the grade line has been raised 1 foot,

Pavement Costs Computation for the Different Soil Types

Combined pgvement and base of asphalt concrete and penetrated crushed
stone, designed as 8 in,, (with an effective design depth of 10 in) is
assumed to cost 3,00/s.Y. Fourteen inches of frost-{ree subbase is
assumed to cost 1/50/s.,y. aind to vary in cost linearly with depth., These
costs are based on the estimated costs for pavement on the Massachusetts
Turnpike (80). The depth of pavement and base is held constant and the
depth of subbase varied to fit the soil type and drainage conditions,

The shoulder is assumed to cost $1/s.y. Special provisions are added

where necessary,
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Kame and Ice Channel Deposits =~ design based on standard pavement with

3" leveling course of frost free gravel and a subgrade of frost free

gravel,

Pavement and base

2 x 24 ft. x 200 ft, x 3,00$/yd"
of t2/yd>

Shoulders

2 x 10 ft, x 200 ft, x 200$/yd>
9 £t2/yd°

Leveling course

3 in (2 x 40 ft. x 200 ft, x 1.50$/yd%)

= $3200

= $890

12 in 9 ftz/vdz

Extra drainage facilities = $500

Total for 200 feet = $5162

Terrace - design baged on standard

subbase,

Pavement and base

Shoulders n

Subbase

Extra drainage facilities
Total for 200 feet

= 2670 x 3/14 = $572

pavement with 14 in, of frost free gravel

$3200
890
2670

700
$7460




93

Till - design based on standard pavement with 18 in, of frost free

gravel subbase,

Pavement and base = $3200
Shoulders = 890
Subbase $(2670) (%%) = 3430
Extra drainage facilities = _1000

Total for 200 feet $8520

Poor drainage areas = design based on standard pavement with 18 in. of

frost free gravel subbase, grade raise of 1 foot and median drains,

Pavement and base = $3200
Shoulders = 890
Subbase = 3430

1 foot grade raise
100 ft. x 200 ft, x 1 ft, x .65%/yd>

= 482

27 ft3/yc13
Median drain = 200 ft, x 5.00$/ft = 1000
Extra drainage facilities = 1000
Total per 200 feet $10002

Extra Cost of Drainage in Long Cuts =~ Design based on standard pavement

with an additional 6 inches of frost free gravel, and side drains,

6 inches frost free gravel %Z x 2670 = $1150
Side drains 200 ft, x 2 x 4,00$/ft, = 1600
Total additional cost $2750

Extra Pavement Cost in Rock =~ design based on standard pavement with addi-

tional 6 inches of frost free gravel,

6 inches frost free gravel = $1150
Extra drainage facilities = 200

Total additional cost $1350





