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ABSTRACT
 

Theoretical Derivation and Economic Evaluation of the
 

Double Centroid and Computer Minimized Cost Methods
 

Of Calculating Slopes for Land Grading
 

by
 

Herbert A. Paul, Doctor of Philosophy
 

Utah State University, 1973
 

Major Professor: Dr. Glen E. Stringham
 
Department: Agricultural and Irrigation Engineering
 

The Double Centroid and Computer Minimized Cost Methods of calcu­

lating slopes for land grading were developed. The Double Centroid
 

Method was based 
on theory of centroids located in each one-quarter of
 

the field. 
 The cuts and fills balanced in each of these one-quarters.
 

This theoretically reduced the cost of grading, as no soil was moved
 

from one-quarter 'of the field to another one-quarter. The Computer
 

Minimized Cost Method selected the optimum slope based on the
 

economic parameters of the type of land grading equipment to be used.
 

The newly derived methods were compared economically with the
 

Least Squares Method, utilizing computers. There was no general
 

economical superiority of the Double Centroid Design over the Least
 

Squares Design or vice versa. 
The Computer Minimized Cost Method was
 

equal to or superior, economically, to the Least Squares Method for all
 

fields. The average savings on 12 fields evaluated was 3.3 percent.
 

The maximum savings was 9.0 percent.
 

(159 pages)
 



INTRODUCTION
 

Most of the countries of Central and South America are classified
 

as developing countries. Industrial development, to raise the standard
 

of living above a subsistence level, must be preceded by modern agricul­

tural development. Intensive agricultural development requires irriga­

tion and drainage.' Land grading is a prerequisite for surface irrigation
 

and surface drainage. The advantages of land grading, land forming or
 

land leveling are fourfold. Land grading prepares the field for more
 

efficient surface irrigation. It improves surface drainage so that
 

mechanized farming operations can be carried on at or near the proper
 

time. Land grading prepares the fields so that large farming equipment
 

may be used. Land leveling or land grading may also result in increased
 

yields if proper fertility management is practiced. The writer believes
 

that grading of land is the most important technical aspect of developing
 

irrigated and non-irrigated agriculture in the low elevation humid
 

tropics.
 

Problem
 

Many tropical soils with low organic matter content tend to seal
 

and become impermeable under cultivation. These soils have poor structural
 

stability because environmental conditions are ideal for rapid oxidation
 

of organic matter. During the tropical rainy season, water collects in
 

depressions, floods growing crops and severely limits production of non­

graded fields (Paul, 1969). The ndverse effects of standing water on
 

the crops are increased because the plants are actively growing during
 

the rainy season in the tropics.
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The water also prevents orderly cultivation of the fields. There­

fore, grading of land for surface drainage under both non-irrigated or
 

sprinkler irrigation, as well as for surface irrigation, is necessary
 

for intensive agricultural development in much of the low elevation
 

humid tropics.
 

Grading land to a plane where the resulting land surface has a
 

uniform downfield slope and a uniform cross slope has been the most
 

common method of modern land grading. Such plane surfaces are
 

especially adaptable on relatively flat alluvial fans, where most
 

irrigation projects are developed. Practical variations of the plane
 

surface include (1) two or more planes with slight grade changes which
 

more nearly fit the original topography, (2) a field graded to a uniform
 

irrigation slope and a non-uniform cross slope, (3) different slopes for
 

each row of stakes, and (4) a field graded to non-uniform slopes which
 

adhere closely to the original topography. All four forms consist of a
 

combination of one or more planes or profiles. Thus, in land grading
 

calculations the determination of the slopes for profiles and planes are
 

of utmost importance.
 

The most widely used methods of determining the slopes for the
 

planes and profiles have been the Least Squares and the Inspection
 

Methods. The Least Squares Method has been used for thirty years
 

(Givan, 1940). This method is taught in universities and recommended
 

by governmental agencies. However, the Least Squares Method minimizes
 

the squares of the cuts and fills which are not normally directly
 

proportional to costs of land grading. It is a statistical procedure
 

(Acton, 1959), based on a uniform distribution of data. The variations
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of the earth's surfaces are seldom, if ever, uniformly distributed.
 

The Inspection Method of determining the slope of best fit has probably
 

been the most extensively used method because it is very rapid and
 

simple. However, it can give large error in calculations, especially
 

if used by inexperienced personnel. The procedure is to "eyeball" the
 

best slope.
 

The Least Squares Method and Inspection Method do not fill satis­

factorily the two separate needs for determining the correct slopes.
 

First, a simple method for determining the slopes is needed by techni­

cians in the fields. These technicians may have little or no training
 

in irrigation and drainage but have the responsibility for land grading
 

and development. 
Usually small acreages in individual experimental
 

areas are involved. Second, the most economical slope possible is
 

needed for large irrigation projects. Usually computers and highly
 

trained engineers are available. The developing countries are
 

extremely short of development capital and efficient grading equipment.
 

A small increase in cost of land grading may be relatively unimportant
 

on a small farm in the Western United States, but it can be nearly
 

insurmountable in a large irrigation project of a developing country.
 

Objectives
 

The purpose of this research is to develop two methods of making
 

land grading calculations to fit the needs of developing countries
 

discussed above. The derivations will be based on the economics of
 

land grading so as to minimize the costs. The two objectives of the
 

study are: First, to develop theoretically and evaluate economically
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with computers a method for determining slopes for land grading which
 
requires extremely simple calculations in the field. 
 This will hence­

forth be called the Plouhic Centroid Method. Secondly, to develop 

theoretically, and evaluate economically with computers, a computer
 

method for determining slopes for land grading which will optimize
 

costs. 
 This will be henceforth called the Computer Minimized Cost 

Method. 
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REVIEW OF LITERATURE
 

The remnants of ancient irrigation systems can be found along with
 

the remains of almost every past civilization. Application of water
 

from streams and rivers to the land has been a practice followed by
 

farmers in almost every century for unknown ages. However, the
 

mathematical calculation of slopes for land forming has only recently
 

been recorded in literature. The technical literature on the calcula­

tion of slopes for land grading in irrigation and drainage developments
 

has essentially all been recorded in the United States of America. To
 

systematically tie together the development of mathematical methods of
 

determining irrigation and drainage slopes for land grading, the
 

literature has been reviewed chronologically.
 

Chronological Review
 

Woods (1951) gave a brief history of surface irrigation in the
 

Uited States of America before the advent of massive land forming
 

operations.
 

Irrigation was extensively practiced by the aboriginal tribes in
 

the Southwest. Near where the city of Phoenix, Arizona now stands,
 

some ancient race irrigated lands which supported 20 large communities.
 

More than 150 miles of main canals have been traced. It is.believed
 

that the first extensive irrigation by white men on this continent was
 

done by the Mormon settlers in the Salt Lake Valley more than 120 years
 

ago. The waters of what is now City Creek were diverted upon small.
 

areas of land which were later planLed to potatoes.
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In building these early irrigation systems, little was done to
 

improve the land surface in order that water application might be done
 

easier and more effectively. Usually the irrigation system consisted of
 

ditches and laterals which were designed to fit the existing topography.
 

With some of the earliest systems little other than wild flooding was
 

practiced. A portion of the stream was diverted to the high side of
 

the field with a plow furrow or small ditch, and banks were cut allowing
 

the water to flow unevenly over the surface.
 

The next stage of development in surface irrigation, the scientific
 

grading of land, was described by Houston (1966, page 565) as: "One of
 

the greatest improvements in the history of irrigation."
 

This program, which started in the latter half of the last century
 

with horses and mules and the Fresno scraper, has advanced through all
 

phases of modern mechanization. The major types of earth moving equip­

ment were described by Houston (1966) as crawler tractor or rubber-tired
 

power units with carrier-type scraper or elevating scraper. With the
 

advent of modern earth moving equipment, which could form land to any
 

desired slope, it became necessary to develop a method of calculating
 

these slopes.
 

Modern land grading calculations were initiated by Givan (1940).
 

Previous to this time the literature only revealed that trial and error
 

methods of determining the slopes of the required planes were used.
 

Since the trial and error method was not based on any mathematical
 

criterion, Givan adapted the Least Squares Theory to a practical method
 

of calculating the plane of balanced cut and fill with a total cut which
 

was near the minimum. Although CGvan understood that the total cut
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would be near the minimum, many subsequent investigators thought that
 

the method gave an absolute minimum of cuts. It should be noted that
 

Givan developed the Least Squares Method only for a plane of a
 

rectangular area.
 

The equation of the plane may be calculated from the following
 

eight equations:
 

H= a + bX + cY [i] 

and
 

a= - bXM - cY 21
 

and
 

2
b HH1X1/x 1 [3] 

and
 

2
c = H1Y1/X 1 [4] 

and
 

1xX,= JHX - nHM [51 
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and
 

~JH Y = HY - nilmY (6 

and 

Ix qrx)P-[7 
= X n [7] 

and
 

YJ 2 = n [8] 

in which 

a is the elevation of the plane at the origin
 

b is the slope of the plane in the X direction
 

c is the slope of the plane in the Y direction
 

n is the number of coordinates 

xm is the mean distance from the origin in the X direction 

Ym is the mean distance from the origin in the Y direction 

Hm is the mean elevation of all points above datum 

JHX is the sum of the products of elevations and X
 

coordinates
 

JHY is the sum of the products of elevations and Y
 

coordinates
 

"2
 
LX is the sums of the squares of the X coordinates
 

IY2 is the sums of the sqziares of the Y'coordinates
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Givan stated:
 

The cuts on the example field are heavier than would ordinarily

be made for Irrigation purposes, which indicates the desirability

of subdividing the field into two or more parts, each of which
 
can be graded to a particular plane. (Civan, 1940, page 12)
 

The application of the theory of Least Squares to slope calculations
 

was extended to irregular fields by Chugg (1947). 
 lie acknowledged
 

several methods In use for calculating or obtaining grade lines for
 

land leveling. These, however, had limitations, such as slope approxi­

mations by the Trial and Error or Inspection Methods, or they were
 

limited to the rectangular area as was the case with the Least Squares
 

Method in the year 1947. 
 In actual practice many of the fields to be
 

leveled are irregular in shape. 
A system utilizing aids of transparent
 

paper and coordinate paper was described by Chugg (1947) for facilitating
 

the application of the Least Squares to irregular fields.
 

Irrigation slopes, as commonly understood, were described by Marr
 

(1957) to be the amount of fall per length, expressed in feet per 100
 

feet of length, such as 0.5 foot per 100 feet; or in percent, such as
 

(0.5 ft/100 ft) x 100 = 0.5 percent.
 

He stated that although irrigation slope is a very important factor
 

in design, it cannot always be ideal. 
Adjustments to improve irrigation
 

performance can be made, however, within slope limitations, by changing
 

the size of the irrigation stream, length, or width of the strip check.
 

The Least Squares and Average Profile Method developed by Marr
 

(1957) is probably the most widely used method of land grading calcu­

lations. The solution consists of changing the problem from one of
 

fitting a plane by the Least Squire 
Method to a large number of grid
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corner elevations to the simpler computation of determining by the method
 

of J,0ras; flcpiaren the slopes of the lines which most nearly fit the 

average profiles in the two coordinate directions. This is essentially
 

fitting a line to profiles in two directions. Marr (1957, page 32)
 

stated: "The slope of these two lines is.used to form a plane which,
 

when properly placed, fits the contour pattern best."
 

The first step in the calculations consists of adding the elevations
 

along each line and in each column on the base map and computing the
 

average elevation of each line and each column.
 

The second step consists of locating the centroid and determining
 

its elevation, 1M . The centroid is the exact center of the grid. Its
 

elevation in this case is the average of all the grid-corner elevations.
 

The third step consists of determining slopes of the lines which
 

most nearly fit the average profiles in the two coordinate directions.
 

According to the Least Squares Method, the slope of the line which best
 

fits the points of a profile is:
 

Slope = n (91 

n 

in which
 

Slope is the slope of the line which best fits the points
 

which represent the average land slope across the field.
 

(SH) is the sum of the products of the station distance and
 

elevation.
 



( ) (il) is the product of the sums of the station distances and 

the elevations of each of the plotted points on each graph. 

n is the number of plotted points on each graph. 

I(S) 2 is the sum of the squares of the station distances of each 

of the plotted points on each graph. 

The fourth step consists of using the slopes and the elevations of
 

the centroid to delineate the plane which best fits all of the grid­

corner elevations. Equation [1] with the appropriate symbols is used.
 

Most irrigation fields are suitably shaped for using the methods
 

of grade calculation so far explained. That is, they are four-sided
 

with opposite sides approximately parallel. Chugg (1947) described a
 

method of calculation for also fitting a plane to the topography of an
 

irregularly shaped field. Unfortunately, his method has proven too
 

intricate to be adopted generally to land grading and no way has been
 

found to simplify it. So, as a general practice to follow in such cases
 

of irregular fields, Marr (1957) recommends: First, that the best
 

coverage possible, of the land to be graded as one field, be obtained
 

with one or more of the four-sided areas; second, that the previously
 

described procedure for determining slopes be employed; third, that the
 

slopes so determined be extended arbitrarily beyond the four-sided
 

areas to the boundaries of the property to be leveled; fourth, that
 

sharp changes in slope, due to subdivision of a field into more than
 

one part and determination of slopes separately for each part, be
 

modified by merging the slopes into each other.
 

It will be found in some instances that slopes calculated by the
 

Least Squares Average Profiles Methlod are either too flat or too steep
 

to suit the crop or preferred method of irrigation. In such cases
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another plane which passes through the centroid but has the different
 

desired slope may be adopted. Marr (1957, page 37) presents a statement
 

when changing the calculated slope: "It will be understood that any
 

change of this kind will increase the amount of earth to be moved and
 

also the length of haul."
 

The Least Squares Average Profiles Method of calculating land
 

grades is serviceable only when the lay of the land, depth of soil and
 

other factors favor grading to a plane or a series of planes which may
 

be merged with slight grade change one into the other. If it is
 

necessary to adhere closer to the original topography than can be done
 

with a plane other methods must be used. This may be accomplished by
 

using the Cross-section and Two-way Profile Methods (Marr, 1957).
 

The cuts need to be increased and the fills need to be decreased
 

an equal amount until the desired percentage of cuts over fills is
 

achieved. This finding applies to all soils and conditions of soil,
 

and thus may not necessarily include the subsidence of freshly
 

cultivated or naturally loose soil. Essentially, this consists of
 

lowering the elevation of the line of best fit. This adjustment is
 

estimated by trial and error. The procedure is (1) an adjustment is
 

selected, (2) it is applied to all cuts and fills, (3) the adjusted
 

cuts and fills are totaled, (4) the ratio of the ) uts and Ifills is
 

determined and (5) the procedure is repeated until the desired ratio
 

is obtained.
 

Marr (1957) proposed various reasons why this adjustment is needed
 

in land forming. A common opinion often expressed is that fills made
 

with heavy equipment are compacted to the extent that the extra volume
 

of cut is required to complete them. Perhaps the most likely and more
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important explanation is that a tendency exists to crown slightly the
 

ground surface between grade stakes.
 

A study (Saveson, 1958) described land-grading operations in
 

Louisiana and Mississippi delta areas. The slope to which the area is
 

to be formed was determined most often by using the Least Squares Method
 

Average ProfiZe and Inspection Methods. A shrinkage factor was used to
 

overcome the problem of loosened soil. This shrinkage factor ranged
 

from .01 to .12-foot, and engineers figured their cut and fill on a
 

60-40 basis in most instances. Maximum haul distances ranged from
 

1,000 feet (with an average of 450 feet) on uniform slopes to 1,500
 

feet (with an average of 600 feet) in the ridge and slough area.
 

Maximum yardage per acre was approximately 500 cubic yards with average
 

yardage about 300 cubic yards per anre.
 

To help determine the number of planes to use, Phillips (1958)
 

plotted average profiles (Marr, 1957) giving the natural lay of the
 

fields. In analyzing the plotted profile for breaks in grade, Phillips
 

(1958, page 465) ncted: "At these larger breaks one design plane stops
 

and another starts. At this point of the design there is no substitute
 

for experience."
 

An extensive, practical study on all aspects of earth moving has
 

been presented by Heiple (date unknown). The method of determining the
 

slope of best fit was not presented. The following sample time computa­

tion breakdown was used in the economic evaluation of the different
 

methods of calculating slopes in this dissertation.
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Computation (sample)
 

1. FIXED TIME:
 

1.00 mLn.Load 


0.50
Spread 


0.50
Turns 


0.50
Accelerate, Shift 


Total fixed time. 
 2.50 min.
 

2.46 min.
2. HAUL LOADED 


1.92 min.
3. RETURN HAUL, EMPTY 


Total Cycle Time =Fixed + Haul + Return [I0]
 

Raju (1966) suggested a direct method for calculating the slope
 

of the plane surface for the least amount of grading, Fixed Volume
 

This method was based on the following hypothesis:
Center Method. 


(a) to ensure a balance between "cut" and "fill," the total volume of
 

earth before and after grading shall be the same, and (b) to ensure
 

least cutting and moving of earth, the center of the volume shall
 

the same spot before and after grading.
remain at 


The equations developed for the slopes in the X and Y directions
 

are:
 

b = 12/X 3Y (qHX- (X+1)1211) [ill 

and
 

C = 12/XY3(71Y - (Y+f1)/ ) [121 
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For rectangular fields the equations reduce to
 

b = Y)M [13] 

and
 

c = (12/XY 3)Mx [14 ] 

in which
 

b is the slope along the X axies 

c is the slope along the Y axies 

H is the elevation at various stations or coordinates 

Mx, My are the moments about the axies passing through the 

center of the area, but parallel to X and Y axies, 

respectively. 

Raju states: 

For surface grading or smoothing of any field prior to
 
irrigation the first step should be to calculate the slope of the
 
plane surface which will involve the least amount of grading and
 
which will therefore be least expensive. (Raju, 1966, page 38)
 

However, a comparison with the Least Squares Method (Shih, 1970) showed 

the Fixed Volume Center Method produced larger cuts than the Least 

Squares Method in gently rolling topography. 

Butler (1961) comments on the Least Squares and Fixed Volume Center 

Methods: "Anyone who has used these mehtods will have to admit that
 

they are somewhat tedious and involved." He described a mathematical
 

approach used by Soil Conservation Service personnel in Arkansas. This
 

method is fairly accurate and relatively simple to use. The slope in each
 

100 ft. distance on each line in a given direction was determined and
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a plus (+)or minus (-) value to indicate direction. These slopes were
 

added algebraically and divided by the number of spaces to obtain an
 

average slope. Butler (1961) called this an Average Prof-Ile Method.
 

This is one of the methods evaluated in this dissertation and called the 

Average Slope Method. This method has apparently never been compared with 

the standard Least Squares Method. 

Another average slope method was used in the Arkansas delta. The
 

slope was calculated by subtracting only the end figures on each line
 

and averaging the differences for each line of stakes. The potential for
 

large errors in this method is apparent and the method will not be
 

evaluated. It was evaluated previously by Shih and Kriz (1970) and found
 

to be inferior to the Least Squares Method. However, on almost all fields
 

studied by Butler (1961) slopes obtained by the Average.Slope Method
 

were within a very few hundredths of a percent of the slopes obtained by
 

the Least Squares Method. 

The Soil Conservation Service of the United States Department of
 

Agriculture has probably had more experience in grading land than any
 

other organization in the United States. It's bulletin (SCS, 1961)
 

lists four basic methods and a great many variations of each method of
 

land leveling design in common use. The basic methods are:
 

1. The Plane Method 

2. The Profile Method 

3. The PZan-inspectionMethod 

4. The Contour-adjustmentMethod 

The procedure for the Plane Method is the same as outlined by
 

Marr (1957). The Profile Method is so-called because the designer
 

works with profiles of the grid lines rather than with elevations as
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plotted on a map. It consists of a Trial and Error Method of adjusting
 

grades on plotted profiles until the irrigation criteria are met and an
 

earthwork balance is attained. Thus, the resultant land form consists
 

of variable slopes. The PZan-inspection and the Contour-adjustment
 

Methods are variable slope methods. The individual slopes are determined
 

by trial and error.
 

A method for locating the centroid in a non-rectangular field was
 

described in a SCS bulletin as follows:
 

Irregular fields may be divided into triangles and rectangles
 
or into rectangles alone, and the distance to the centroid of the
 
field from any line of reference is equal to the sum of the products

obtained by multiplying the area of each part times the distance
 
from the line of reference to its centroid, divided by the area of
 
the entire field. By computing the distance to the centroid from
 
two lines of reference at right angles to each other, the exact
 
point of the centroid can be determined. (SCS, 1961, p. 12-9)
 

Lawhon (1962) described one of the oldest forms of land leveling
 

which was applied in rice paddies of the orient. Land leveling may not
 

have been intentional in its original application; it may have been the
 

result of some other operation such as seedbed preparation or trans­

planting. However, its present-day use in these areas is considered as
 

land preparation.
 

The area to be leveled is flooded to the extent that approximately
 

70 percent of the area is under water. 
Then using a blade or scraper
 

with a hydraulic lift, the exposed areas are scraped into the water in
 

the general direction of the low areas which flooded first. 
After the
 

high areas have been reduced to the point that the entire area is
 

flooded with a thick "soup" the area is left until sediments have settled
 

out. The water is then drained off. If high areas appear before most
 

of the water is drained off, the leveling process may need to be repeated
 

later. 
The result is a more nearly level area which requires less
 



18 

water to flood it and permits a more uniform depth of flooding as part
 

of the culture of rice. Water leveling can be an exact method of
 

leveling, but, of course, a grade is not possible.
 

Benedict et al. (1964) described five programs that have been
 

developed for the IBM 650 electronic computer: a warped surface program,
 

three predesigns of warped surface programs, and a plane surface program.
 

The plane surface program used an Average Profile (Butler, 1961).
 

The warped surface methods used a trial and error method. Greatly
 

simplified, the computer moves through the array of elevations. If the
 

elevations meet the slope limits and design requirements it continues.
 

If the limits and requirements are not met adjustments are made until
 

they are met.
 

More recently Smerdon et al. (1966) have developed a method for
 

plane surface design using an IBM 709 computer. This method calculates
 

the plane-of-best-fit based on the theory of least squares. By linear
 

programming, a pattern in the field is developed that minimizes the
 

average haul distance of earth moved. Linear programming is an itera­

tive mathematical technique for solving transportation problems.
 

Harris, Wait and Benedict (1966) presented a paper on warped sur­

face methods of land grading. The procedure was essentially the same as
 

published by Benedict et al. (1964) with Harris as a joint author. An
 

excellent description of warped surface land grading was presented.
 

A warped surface method of land grading was defined as a precisely
 

graded land surface design that allows row grades and side slopes to
 

vary within prescribed limits. Warped surfaces, as compared to plane
 

surfaces have two advantages. First, warped surfaces take maximum
 

advantage of natural topography. As a result, depth of cuts and fills,
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lengths of haul, and construction costs are minimized. Second, warped
 

surfaces minimize the temporary and/or permanent reduction in crop
 

production due to construction. 
Less soil is disturbed in construction
 

and there is less liklehood of cutting into unproductive subsoils.
 

Trends and costs in land grading in California were developed by
 

Houston (1966). Estimated land grading costs were given for most
 

irrigation areas of California in Table 1.
 

Table 1. 	Estimated land-grading costs in most irrigated areas of
 
California
 

Item Range in dollars 

per acre 

Surveying, staking, mapping, checking 4-7 

Earth moving 500 cu. yd. per acre 50-100 

Land planing, three ways 4-5 

Total 58-113 

When per acre volume is around 1,000 cubic yards, sprinkler
 

irrigation may be more economical than grading land for surface
 

irrigation. 
Most land grading in the main irrigated areas of California
 

require movement of less 
than 500 cubic yards per acre. Costs have
 

increased very little over 15 cents per cubic yard since machines were
 

introduced.
 

Paul (1969) published the first equation [15] for calculation of
 

the adjustment of grade line directly. 
The need for the adjustment and
 

the trial and error determination of it were covered by Marr (1957).
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R.F- IC 
Ag = [151 

in which
 

Ag is the change in the grade line required to produce the
 

desired ratio.
 

R is the desired ratio of IC to IF.
 

IF is the summation of the fills.
 

IC is the summation of the cuts.
 

Nf is the total number of coordinates.
 

The adjusted cuts and fills are calculated by adding the adjustment to
 

the cuts and subtracting it from the fills.
 

This equation is not mathematically exact and will vary with
 

different soil surface reliefs. However, R is simply an estimate
 

based on experience that must be checked in the field after the land
 

forming has proceeded sufficiently so that a check may be made on the
 

actual ratio obtained in the field.
 

Equation [15] is extremely useful if a computer is not available
 

for the trial and error calculations. Anyone who has attempted to
 

determine the adjustment by trial and error methods on a large field
 

understands the tediousness of the calculations and the opportunities
 

for errors.
 

Paul (1969) also described variations of a plane surface that can
 

be used when it is desirable to adhere closer to the original topography
 

(Figures 1, 2, 3, and 4).
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Figure 1. Drawing representing two planes merged with slight grade to
 
more nearly fit the original topography.
 

Figure 2. Drawing representing a field graded to 
a uniform irrigation
 
slope and nonuniform cross slopes.
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Figure 3. Drawing representing a field with different 
but uniform
 

irrigation slopes.
 

In fields with a relatively uniform irrigation 
slope and irregular
 

cross slope, the variation shown in Figure 2 may 
be extremely bene-


The uniform slope in the direction of irrigation is determined.
ficial. 


Thus,

from the average profile elevations as outlined by 

Marr (1957). 


resulting irrigation slope is uniform but at different 
elevations.
 

This variation is especially adapted to furrow irrigation, and for 
all
 

surface systems if the cross slopes are kept within 
the limits for the
 

specific irrigation system.
 

In Figure 3 uniform slopes can be determined from 
the soil surface
 

profile for each row of stakes parallel to the direction 
of irrigation.
 

the field. However,

Thus, the irrigation slope will vary across 


efficient irrigation is possible if the irrigation slopes are kept
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oo 

0 stake locations or
 

coordinates
 

Figure 4. Drawing representing a field graded to nonuniform slopes

which adhere closely to the original topography.
 

within the limits of the irrigation method being used. In many fields
 

this will greatly decrease the amount of soil to be excavated and the
 

costs of land grading.
 

Closer adherance to the original topography may be accomplished
 

by simply fitting the irrigation and cross slopes along each row of
 

stakes as close as 
possible to the original topography (Figure 4).
 

This system is usually referred to as variable slope or warped surface
 

land forming. 
Note Figure 4 is the ultimate situation where the size of
 

the individual planes have been reduced to the area between four stakes.
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All four variations consist of a series of planes and profiles.
 

A graphical method for determining the slope of an average profile
 

or a single profile along a line of stakes was published in Spanish by
 

Paul (1969). This simplified method of determining slopes has been
 

used by the Instituto Colombiano Agropecuario and the Rockefeller
 

Foundation in calculation of slopes and land grading in Colombia.
 

The procedure is to plot the elevations and centroid of each
 

profile on graph paper using a scale which accentuates the uneveness
 

of slope. This allows accurate determination of the lines of best
 

fit. The slope of best fit is determined by placing a transparent
 

triangle or ruler with an edge passing through the centroid. The straight
 

edge is rotated about the centroid until the summation of distances A
 

(cuts) equals the summation of the distances B (fills) on one side of the
 

centroid (Figure 5).
 

8.9­

' 0.023 

A 

8.8­

0 

8.7 

8.6 I I I I I 
1 2 3 4 5 6 7 

Stations 

Figure 5. Average profile, slope of line of. best fit and change in eleva­
tion per station from South to North. Data from Marr (1957)
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It is very important that the cuts and fills are added on only one 

side of the centroid. If both sides of the centroid are considered, 

any slope passing through the centrold will produce equal summations 

of cuts and fills. Tf the centroid is plotted at a station, as shown 

in Figure 6, only one-half the distance between the centroid and the 

profile is totaled in determining the line of best fit. 

This method gives a definite, reproduceable, reasonably accurate
 

and easily obtainable slope which is impossible to estimate.
 

Shih (1970) made a computer evaluation of methods of determining
 

the plane of best fit. Three mathematical methods were compared by
 

determining the slope of best fit for each of the five types of design.
 

The methods for calculating slopes were: (1) a Least Squares Method
 

presented by Givan (1940) for a rectangular field and by Chugg (1947)
 

for an irregularly shaped field; (2) a Fixed Volwne Center Method
 

used by Raju (1960); and (3) an Average Slope Method reported by
 

Butler (1961). The second method proposed by Butler was used, only the
 

end elevations of any profile were used to calculate the average
 

slope.
 

The 	five types of land forming designs were:
 

1. 	Uniform slope (plane surface) with row and cross row
 

drainage.
 

2. 	Variable slope with row and cross row drainage.
 

3. 	Uniform slope in the row direction and variable slope in
 

the cross row direction with row and cross row drainage.
 

4. 	Uniform slope with row drainage and a minimum and maximum
 

allowable cross row slope (no cross row drainage).
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8.85 

Slope
0.1ZCnrl

0B 	 30
 

8.80
 

I 	 ISI 	 I 

8.75 	 1 2 3 4 5
 

Stations
 

Figure 6. Average profile, slope of line of best fit and change in eleva-

Data from Marr (1957).
tion per station from West to East. 


5. Variable slope with row drainage and a minimum and maximum
 

allowable cross row slope (no cross row drainage).
 

The Average Profile Method of design gave a higher earthwork volume
 

for all types of design than the Least Squares and Fixed Volume Center
 

The Average Profile Method of design gave a slightly higher earth-
Methods. 


work volumes because only the end points of the field were used and
 

.elevations differences within the field were not considered. The Fixed
 

Volume Center Method gave about the same results as the Least Squares
 

Method except in gently rolling topography.
 

He concluded that, based on a theoretical view-point, the Least
 

Squares Method gives a better result than the Fixed Volume Center Method
 

because the latter method does not ass!ume the same field surface shape
 

hbfnrp and after 2radine.
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S,'iteoretlcaJ relationship between the Least Squares 

'.i'j ,,l V,,"e ...',.. (Raju, 1960) was derivt-d 

hl 

2
 

b ­ [161
 

in which
 

is the slope calcuZated by fixed volume center method 

b it-the slope calculated by the least squares method 

x is the number of stations 

The report by Shih (1971a) is essentially the same study as
 

reported in 1970 (Shilh, 
1970) except for the method of calculating
 

slopes. 
 In the 1970 study the Least Squares Method, the Fixed Volume 

Center Method, and the Average Profile Method were compared. In the 

publication (Shih and Kriz, 1971a) only a Symmetrical Residuals Method 

was usd. The derivation of the Symmetrical Residuals Methods was not
 

jiven. The final 
formulas for a rectangular field are Equations [17]
 

,i1 [1-1. 
 When the number of stations in a row is even the individual
 

iow ilopc is determined by 

n.n .12 

41[ 
A,71-i A.jb. = =[17/1)+1 
 i==
 

jen.2 

d 

When the number of stations in a row is odd the individual row
 

si-ope is determined by
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.- A )21 

b. = [8 
je (n 2 -1)d 

in which 

n. is the number of stations in the jth row
 

A.. is the original field elevations
 

d is the interval between stations
 

Equations [17] and [18] give the same results as the simplified
 

graphical method infuse in Colombia (Paul, 1968).
 

Shih (1972b) published the derivation of the Symmetrical Residual
 

Method of calculating slopes. Shih and Kriz (1971b, page 1195) stated
 

they developed the equations based on " ... residual properties,
 

Newton's divided difference interpolation procedure and statistical
 

properties of the best statistic with an unbiased estimate and minimum
 

variance."
 

In later work (Shih and Kriz, 1971c) the Symmetric Residual Method
 

was adopted for an irregular shaped field. The best slope, b, in the
 

row direction for an irregular shaped field is determined by
 

m m 
e 0 

b= w. b. + I w.b. 19 
j=1 Je 1e j=1 JoJo [9 

where
 

n.3 

W. = [201
3 e me m°
 

n. + j(n= ,2o+n.o-1)j=1 17e 7=1 
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and 

(n . +1) (n . -1) 

W. = 0 0 	 [21]
J0 m m0 

j=j JeLie + 	j=1 (n.do+1) 2 (n .o-1) 

in which 

W.3	 is a weighting factor in the j th row that has an even e 

number 	of stations, n.
 

W. 	 is a Iweighting factor in the ith row that has an odd 

number of stations, n. 
S0
 

me is the number of rows that have an even number of stations. 

m is the number of rows that have an odd number of stations. 

b. is the best slope of the jth row that has an even numberLie
 

of stations.
 

b. 	 is the best slope of the jth row that has an odd number of 

stations. 

n. 	 is the number of stations in the ith row. 

A.. 	 is the original field elevation.
 

d 	 is the grid spacing generally taken as 100 feet. 

The values b. and b. are calculated from equations [17] and (18],
 
Je 	 Li
0
 

respectively. Thus, for an irregular field the Symmetric Residual Method
 

consists of a weighted average of the slopes calculated for the individual
 

rows. A similar expression to equation (19] was developed for the cross
 

row direction.
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Sowell (1971) presented a land forming design by linear programming.
 

In the formulation of the land forming design problem as a linear
 

program the objective function was to minimize the sum of cuts in the
 

field subject to restraints that slopes are within the allowable range,
 

and the depth ratio of cuts to fills is within the allowable tolerance.
 

For the four fields designed by linear programming, the reduction
 

in total depth of cuts, as compared with the Symetrical Residuals
 

Design, was from negligible to 20 percent for the twenty designs.
 

Sowell (1971, page 1) writes about previous methods of calculating
 

slopes. "While each of the existing methods has its own unique way of
 

determining the best design, none uses a mathematical optimization
 

technique for minimizing earth moved in the entire field."
 

Equation [22] was presented by Hung (1972) as a method of calculating
 

the amount to lower the gradeline to obtain the desired cut volume in
 

excess of fill volume.
 

(1+a) Sf­
f c [22] 

+ (1+a) Mf + M [
 

in which
 

Sf is the sum of fill products. 

S c is the sum of cut products. 

Y is the depth to be adjusted for the cut plane. 

a is the desired excess of cuts over fills in decimal form.
 

M is the sum of cut multipliers.c 


Mf is the sum of fill multipliers.
 

M0 is the sum of non-cut and non-fill multipliers.
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The products and multipliers are simply based on 4 quadrants per 

coordinate instead of coordinates in a rectangular field. 

Equation [22] can be shown to be the same equation as previously 

published by Paul (1969) by the use of similar symbols. To FaCtIliLate 

the comparison a standard rectangular field layout will be used.
 

Paul's equation [15] is
 

RIF - I 

g-- (1+R) (Nt/2) [23] 

Since Paul (1968) assumes
 

Nf =NN = Nt2 (24] 

the equation may be written as
 

RIF- C
 

Ag N9 + R T [251
 
C f1 

Since
 

.Y= A 9[261
g 

1+a = R [27]
 

M = N 4 [281C C 
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M =N 4 	 [29]f 	 f 

Sf = 	IF 4 c301 

So = 	 IC 4 [31] 

M = 	M 4 [32] 

in which 

M 	 is the number of coordinates at which no cuts or fiZie
 

are required.-


Equation [22] becomes
 

RJF.4 - JC.4 
Ag = N0 "4 = RNf4 + M-4 [33] 

or
 

RIF- IC 
Ag = Nf + RNc + M [34] 

If M equals zero as is usually the case if the calculations are
 

accurate to 2 or more decimal places, Equations [22] and [23] are
 

exactly the same. The difference lies in the number of cuts and fills.
 

Paul (1969) assumed the number of cuts and fills were the same and
 

equal one-half the total number of coordinates without a trial dropping
 

of the grade line. Hung (1972) made a trial estimate of the amount
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to drop the grade line and counted the actual number of cuts, fills and
 

non cuts and fills obtained.
 

Powell (unpublished data) has developed a land forming design based
 

on a number of planes which increase the efficiency of the irrigation.
 

It consists of a computer program which selects the slopes of the
 

individual planes based on the infiltration function of the soil.
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THEORY
 

To systematically tie together the methods of determining slopes
 

derived in this dissertation with previously derived methods, the theory
 

is developed in the following order: description of profile and planes,
 

curve fitting, Least Squares Method, Least Cuts Method, Double Centroid
 

Method amount to lower grade line, and Computer Minimized Cost Method.
 

The theory of the Double Centroid and Computer Minimized Cost Methods
 

is developed in relation to the Least Squares Method.
 

In the development of theory of the Double Centroid Method and the
 

Computer Minimized Cost Method, maximizing the income of farmers is
 

stressed. An important component of this optimization is the cost of
 

land grading.
 

It is theorized that every possible form of land grading consists
 

of planes in three dimensions or profiles in two dimensions. Therefore
 

the theory is developed for both a plane and a profile. These two
 

derivations will handle the vast majority of calculations as made at the
 

present time without further adaptation. It is assumed that the theory
 

as developed for the Double Centroid Method and the Computer Minimized
 

Cost Method of determining slopes for profiles and planes will be
 

adapted to warped surface land forming consisting of a series of
 

profiles and planes.
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Profile and Field
 

The profile is the normal plot of two variables. Any point P in
 

the x, A'plane has 2 numbers associated with it (Figure 7).
 

in land grading point (P) in the profile should be visualized as
 

the elevation of the soil surface at the station considered. The first
 

stake is located 50 feet from the property line. Each station represents
 

100 feet of the profile with the station located in its center.
 

The Orofile may be related to land forming in 3 ways. First, it
 

may be considered as (1) an average profile of the field to be graded
 

(Marr, 1957), (2) a single row of grade stakes or (3) a linear land
 

forming project such as a canal, or highway, where an average cross
 

profile is used.
 

0 

xx . . xn 

Stations
 

Figure 7. Profile of elevations versus stations.
 

x 
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Slopes for three dimensional planes are determined from field 
data
 

(Figure 8). The grid corners on the base map in the x, y plane are
 

located by a system of coordinates. In this case the point of origin
 

"a" is located 50 feet North and 50 feet West of the Northwest corner
 

are designated in
of the field. The locations of grid corners 


stations (number of 100 feet intervals.) Southward along the y axis
 

In rectangular fields each coordinate
and Eastward along the x axis. 


In an
 
represents the center point of a 100 feet by 100 feet square. 


a coordinate (x y (Figure 8)
N
unsymmetrical portion of the field such as 


a coordinate may represent a smaller area.
 

E 

North I 

I~"a'ix 2 i . • x n/ / - / / 

771/ 

Figure 8. Three dimensional layout of irregular field, with x and y
 

representing coordinates and E representing elevations.
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Curve Fitting
 

There are generally 2 alternatives for fitting a curve to a set of
 

data. First, we may desire the curve to pass through each point of a
 

given set of data. Two of the methods used are Fourier series and an
 

interpolation formula for polynomial curves. Newton's divided difference
 

formula is probably the most fundamental of the interpolation formulas.
 

Secondly, we may desire to select a straight line which comes "as close
 

as possible" to each point. This will certainly be the case with experi­

mental data which theoretically should fall along a straight line but
 

which fails to do so because of errors of observation. The necessary
 

measure of "as close as 1,ssible" is almost universally taken to be
 

the least squares criterion for theoretically straight line data.
 

In land grading a unique curve fitting is required. We need to
 

fit a straight line to a naturally occurring smooth curve (Figure 8).
 

Least Squares Method
 

In the development of the theory of the method of the Least Squares
 

for a profile (Figure 9) let us begin by supoosing that we wish to fit a
 

straight line k whose equation is
 

E = a + bx [35] 

to n points, (xI,E1 ), (X2 E2), ... , (xn,En). The coordinates of 

the general point (x.,E.) will not satisfy equation [35]. That is
 

when we substitute x. into equation [35], we get, not E., but rather
 771 
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the ordinate of Z, which, as we see in Figure 9, differs from E. by 6..
 

E 

E 'xg,(,
7
 

(xe , 2 	 6 . Ei (a+bx ) 

X Y= a+bx (xn'En
 

Sa+bx. 

x 
X. 

Figure 9. 	The fitting of a straight line to a set of points, showing
 
discrepancv at (x.,E.).
 

In other words,
 

6 = i - (a+bx.) 	 [361 

where 6 / 0 

If we compute the discrepancy 6i for each point of the set and
 

form the sum of the squares of these quantities (in order to prevent
 

large positive and large negative 6's cancelling each other and thereby
 

giving an unwarranted impression of accuracy) we obtain
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n b 2
D= .= (E 1 -abx + (E 2 - a - bx )"+i=1 7 

+ (E - a bx )ti 1371 

The quantity D is obviously a measure of how well the line Z fits the 

set of points as a whole. For D will be zero if and only if each 

of the points lies on Z, and the larger D is, the farther the points 

are, on the average, from Z. The least squares criterion is now simply 

this: that the parameters a and b should be chosen so as to make the 

sum of the squares of the deviations D as small as possible. 

To do this, we apply the usual conditions for minimizing a function
 

of several variables and equate to zero the two first partial derivatives,
 

aD/3a and 3D/3b. This gives us the two equations:
 

3D/9a = (E1 aa- bx 1 (-1) + (E2 - a - bx2 ) (-1) +.. 

+ 2(En - a - bxn) (-1) = 0 [38]
 

and
 

3D/9b = 2(E 1 - a - bx1) (-x1) + 2(E - a - dx2) (-x2) + .2 


+ 2(E n a - bx n ) (-xn ) = 0 (39] 

or, dividing by 2 and collecting terms on the unknown coefficients
 

a and b,
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n n 

na+b I x.- i=i	 [40]i=1 E. 

and 

nn 	 n 
a x. + b X1 2=, X.E 	 [411


i=1 	 2-=1i1 

Equations [40] and [41] are two simultaneous linear equations whose
 

solution for a and b presents no difficulty.
 

Solving equation [40] for a
 

n n 
X E b x
 

a = 	 [42]
n 

Substituting the result into equation [41], simplify and solve for b
 

n n n n n 

i=1 ii=1 " i1 

or
 

nnxE. nb n . 2 
n n 	 71n 
E.1 b x=1 	 [441 

i=1 	 i 1n n 
_1X.z =1X.1 
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n 2n 
nb X. 

i=" 
ni= 
~Xi

i=1 
~ 

n x.E 
i=1 -

X. 
i=1 

i= 
Ei [45] 

or 

n x.ni(bl 
(b)(nn 

2 

n 
i 

i[_1l 

n 

n x.E.7.i1 = 
i=1 

n E. 
I 

[461 

i=1 i=1 

or 

Sn n 

b 

b i=1 i=n n 
= 

n 2 nn x. Xx. 
i=1____ i=1 

n n 

i;1 

[471 

or 

b = 

n n 
C[ Ei )((iii 

X.E. i=1 

n 2 n 2 
i= . X.)7 i=1 

n 

[-1(481 
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Note equation [481 is the same as equation [9] (Marr, 1957). The
 

derivation of the Least Squares Method for a plane is similar.
 

A line given by the Least Squares will theoretically pass as
 

closely 
as possible to each point for experimental data which theoreti­

cally should fall along a straight line but which fail to do so
 

because of errors of observations. 
 If the errors are unbiased
 

observations, we will have near uniformity of positive deviations and
 

negative deviations in our previous derivation. Therefore, by minimizing
 

the squares of deviations, we are also minimizing the deviations.
 

However, the soil surface can seldom, if ever, be considered as
 

having uniform deviations from a straight line. Alluvial soils, on
 

which most irrigation developments occur have general slopes away from
 

the rivers. 
 In addition to the general relief, micro-relief may be
 

nearly uniform or it may be interrupted by mounds, swales or pits.
 

The wide nonuniformity in soil surface relief is due to the erosive
 

forces of wind and water as well as the original deposition of sediments.
 

In many cases the soils with nonuniform relief are the ones that must
 

be graded as they are unirrigable by surface methods.
 

Since soil surfaces are not uniformly distributed, as occurs in
 

observation of theoretical straight line experimental data, then the
 

Least Squares cannot give us the minimum cuts and fills. Cuts and
 

fills are very important in land grading. Although not directly pro­

portional, they are related to the cost of grading.
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Least Cuts Method
 

To attempt to develop the theory for minimizing cuts we will
 

proceed using the same notation used in developing the Least Squares
 

theory (Figure 9). If we compute the discrepancy for each point of
 

the set of data and form the sum of them
 

n 
D 6 = (E 1-a-bx I ) + (E2-a-bx 2 ) + ... + (E n-a-bxn ) [49] 

Again the quantity D is obviously a measure of how well the line
 

Z fits the set of points as a whole. For D will be zero if and only if
 

each of the points lie on X regardless whether the discrepencies (6) are
 

The least error or cut criterion we are
uniformly distributed or not. 


to
developing is this: the parameters a and b should be chosen so as 


make the sum of the deviations (D) as small as possible.
 

To do this we attempt to apply the usual conditions for minimizing
 

a function of several variables and equate to zero the two first partial
 

derivatives, 3D/aa and 3D/3a.
 

However, an attempt to differentiate gives us an indeterminant
 

result
 

DD/Da = -1 -1 - ... -1 = -n [50] 

and
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n
 
Wl - P.. - xn -x n51 

Each'term of the partial derivative does not contain the parameters
 

a and b, for the sums of the deviations D are as small as possible.
 

Attempts to determine a and b where the sum of discrepancies D
 

are as small as possible by using the absolute values of the deviations
 

and by squaring the deviations then taking the square root were also
 

unsuccessful.
 

Therefore, the sum of cuts and fills cannot be minimized by this
 

approach. It is assumed that this is the reason the method of Least
 

Squares was originally developed and gained wide popular use.
 

Double Centroid Method
 

One of the factors dictating costs of land grading is the haul
 

distance between loading and spreading points. It was theorized that by
 

balancing the cuts and tills on each side of the center lines of a
 

profile, then no soil would be required to be moved across the center
 

line of the profile. In a sense we were grading 2 profiles separately,
 

but with one resultant slope. If this theory is applied to a plane,
 

then there would be four quarters where the cuts and fills balance and
 

hence no soil would need to be carried to other field locations. Thus,
 

the basic theory of the Double Centroid Method is that the average
 

distance that the soil is moved is reduced with a resultant reduction
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The profile was used to mathematically derive the slope
 

formulas in which the cuts and fills balanced within each one-half
 

of the profile. The equations were readily extended to a regular or
 

irregular shaped field.
 

Centroid location
 

The centroid location is easily determined for a profile or a
 

field if the field is a square or rectangle. Its location is the
 

geometric center.
 

The location of the centroid is more difficult in a nonsymmetrical
 

field. In physics the product of the mass and its directed distance
 

from a fixed point is called the moment of the mass about the fixed
 

point.
 

MX = my [521 

or
 

X = [53]
M 

in which
 

M is the total mass
 

is the location of the centroid along the x axis
 

My is the moment of the mass about the y axis
 

Now consider the system of (q) surveying stakes situated at
 

i 
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as shown in Figure 8. 
... xnYpXlyv, Z1y2' X1 Y3 

The location of this system of q 
masses along the x axis is defined
 

by
 

[541
X 


i =
 

in which
 

the individual massmi.. is 

the y axis
the distance of the individual mass from 

X. is 

are fixed
 
In land grading the locations of elevations, 

cuts and fills 


by the stakes locations, therefore, the 
centers of masses must be
 

located at the individual coordinate points.
 

For the theoretical derivations the soil 
surface is assumed to
 

A lamina is said to be homogeneous if two
 
be a homogeneous lamina. 


The
 
pieces of it have equal weight wherever 

their areas are equal. 


area
 
density of a homogeneous lamina is its mass 

per unit of 


k
M'[551
 
A.. 

in which 

k is the density 

is the individual mass represented by each stake
mi.. 

is the individual area represented by each stake
A.. 

If we assume the density of the soil surface 
lamina to be equal
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to 1 then
 

m..=A.. [561] 
7,j 1,,7
 

and equation [54] may be written as
 

n 

- =1 j=1 3j-7 

S~A. 57] 

i=1 j=1 i 

For a profile as described in Figure 7, equation [57] reduces to
 

n 
A.x. 

X A[581 

i=1 

Thus, the centroid of a nonsymmetrical field may be located
 

This is a point such that if the total areas of the surface lamina were
 

concentrated there, its moments about the y axis would be the same as
 

the moments of the system of individual areas concentrated at the
 

For irregular fields some coordinate stakes would
coordinate stakes. 


represent irregular areas. The same mathematics may be used to locate
 

the centroid on the field along the y axis.
 

Centroid elevations
 

Elevations of soil surface centroids are simply the average
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elevation weighted by the area represented by each coordinate.
 

Even number 	of stations - Profile
 

The centroid locations of the individual halves are simply the
 

geometric center of each one-half. The elevation of the centrold of
 

each one-half is the average elevation of all the grid elevations in
 

that one-half.
 

By definition the centroid is the center of mass. A line passing
 

through the centroid will produce a balance of cuts and fills at any
 

slope such as in positions (a') or (b) in Figure 10. If we desire to
 

grade the profile to a single plane, we can rotate the grade lines on
 

each one-half of the profile, until they become colinear, position (c').
 

Cuts and fills still balance each side of the profile and soil need not
 

be moved from one-half of the profile to the other one-half or vice
 

versa.
 

b w CRH t 

0 

> C 

i I i I I 

1 2 3 4 5 6 
Stations
 

Figure 10. 	 Profile, with grade lines creating a balance of cuts and
 
fills by passing through the respective centroids.
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The logical explanation of slope (ct) where slope (a') and (b') 

become colinear will be expanded into a mathematical model. 

n/2
 

CLI = n [591
 

and
 

n 

C (n/2)+1 [60 
CRH n/2 

in which 

CLH is the elevation of the centroid of the left half of the
 

profile
 

CR11 is the elevation of the centroid of the right half of
 

the profile
 

n is the.number of stations in the profile
 

Ei is the elevation at the individual station
 

CR - CL 
Slope = RHn/2L [61] 

Substitution of equation [59] and [60] 
into equation [61] gives
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n n/2 
"i=(n/2)+1 -

n/2 n/2 [62] 

or
 

n n/2 

Slope I E.(2/n) - . 2.n) 2/n [63] 
i=(n/2)+l I /n) 

from which
 

n n/2 2
 
n
Slope I E I. 41 [64]
 

i=(n/2)+l i=1
 

Thus, the Double Centroid Method of calculating slopes for a
 

profile with an even number of stations is given by equation [64].
 

The grade line calculated using the Double Centroid Method also
 

passes through the centroid of the complete profile. This is shown
 

graphically in Figure 10. The mathematical proof follows:
 

By definition
 

n 

C = -=- [65] 

in which
 

C 
 is the elevation of the centroid of the profile
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also 

CLI(17/2) + CRH(n/2)
C =[66] 
p n 

or
 

n/2 n
I Ei-+ IE 
= i=1 i=(n/2)+1 [671 

or
 

n 
IE.
 

C = i-1 [68]
p n 

Odd number of stations - Profile
 

When the profile has an odd number of stations (Figure 11) the
 

derivation of the slope equation becomes more complicated as the
 

center elevation must be figured in each one-half of the profile.
 

The centroid elevation of each one-half of the profile is the
 

weighted average of the elevations on the respective one-half of the
 

profile. Thus
 

(n-)/2 
I E. + (O(n+6)/2)
 

CLH = n/2 2[691
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0 

o= 

C) 

Figure 11. 	 Profile with odd number of stations showing areas
 
represented by stations on right one-half of profile.
 

anu
 

n; E. + (E(n+1)/2) 
R i=(n+3)/2 2 r0 

The slope of the line cannot be calculated by use of equation
 

[61] as for 	 an even number of stations. It must be remembered that the 

one-half of the standard area or mass of the center station is concen­

trated at the station in land grading. The distance between the centroids
 

may be calculated by first determining the location of the centroid of the
 

right one-half of the profile from Eq~iation [58]. 
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nA(n+l)/2) (n+l)/2 A.x.( 2 + i=(n+)/ x. 

nR i [711R:(AA(n+1)/2) + X , 

2 Ai
i=(n+3)/, 

and
 

(n-1)/2A
(n+l)/2) (nvl)/2+ X A.x.
2( i=1 

[72]LH (n+1)/2)+ (n-1)/2 


Ai=
+ .
2 

in which
 

XR11 is the location of the centroid of the right one-half
 

in stations
 

XLII is the location of the centroid of the 
left one-half 

in stations
 

In the sample profile (Figure 11) with 5 stations the location of
 

the centroid of the right half will be
 

XRI= 1/2*3 + 1.4 + 1.5 
= 1/2 + 1 + 1 = 4.20 [73] 

Therefore, the distance between the centroids of the two one-halves is
 

D = (XRH -P) 2 [74] 
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in which
 

0 	 is the distance between centroids of the respective 

one-halves 

or
 

D = (4.20 - 3.00)2 	 [75]
 

or
 

D = 2.40 

Note this is different from 2.50 if we simply divided the number of
 

stations by n/2 as was done for the even number of stations (equation
 

[61]). The reason is that the centroids of m. are located at the stakes
 

in landgrading. Thus the theory of centroids has been modified to fit
 

the staking procedure in landgrading.
 

An equation to calculate the distance between the left and right
 

centroids will be developed in terms of n. This will ease calculations
 

when large numbers of elevations are involved. Equation [71] may be
 

written as follows because of the previous assumption that the area
 

represented by a coordinate stake is equal to unity.
 

n
(x (n+l)/2) +. . 

- 2 + i=(n+3)/22 + 

XRH 1/2 + (n-1)/2 [77]
 

From 	the identity
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n
 
= n(nl)/2 [781
 

and
 

n 
 n (n+1)/2

X. =1 [791

i=(+3)2 i i=1
 

The following equation may be written
 

n .
 n(n+1)_ (n+)/2 ((n+1)/2 +1) 
 [80]
 

or
 

= n(n+1) - (n+1)/4 (n+l)/2
i=(n+3)/2 
 2[1
 

or
 

n 
 4n(n+l) ­ (n+1)2 2(n+1)
 
i=(n+3)/2 ' 8 
 [82]
 

or
 

n 
 (n+i) (4n-n-1-2)
 

i=(n+3)/2 1-
 8
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or 

nI X. (n+1)8(3n-3) (841 

i=(n+3)/2 8 

or 

n 3(n+1) (n-i) [85] 

i=(n+3)/2 8 

or 

x. = 3/8 (n2-1) [861 

i=(n+3)/2 

Therefore equation [77] becomes
 

2 + 3/8 (n-1) 
XRH 1/2 + (n-1)/2 [87] 

and simplification leads to
 

XR= (n+1)/4 + 3/8 (n-1)88=H n/2 [8
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or
 

2n+2 + 3n - 3
XH = 4n [89]
 

or
 

3n2 + 2n -1 

RH 4n
 

Next the distance between the respective centroids may be calcu­

lated from equation [74].
 

223n 2n-1 (n+1)+ ­
4n 2 )2 [91] 

or
 

D = (3n 2 + 2n-1-2n4n 2-2n9) [2
 

or
 

2n- 1D-= 2n [93] 

Using equations [69), [70] and [931, the slope equation of the Double
 

Centroid Method for an odd number of stations may be derived
 

901 
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[I
Rm CH 941] 
Slope = D
 

or
 

E________ (n .1)/2) (n=n3Z . 2 i=1 

Slope = n/2 2 n/2 [95](n2-1)/2n
 

or
 

n (n-1)/2
 

Slope = ( i=1 4 (96] 
n2_ 

Rectangular field
 

The resultant equations for a rectangular plane are the same as
 

equations [64] and [96] except the elevations are summed the width of
 

the field. Using the notation of Figure 8, the respective equations for
 

even and odd number of stations are
 

n n/2
 

Slope =np 2=n2)- j]i (97]
:14
(np)2
 

and
 

n (n-.1)/2
Eij - j=J 71j 

Slope = (i-n /2r = 2 iu- [98] 
(np) 
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Irregular field
 

If the field is irregular (Figure 8) the following equation must
 

be used:
 

Slope = RU 

xR1 -x 
LH 

LH 

[991 

and 

fl 
nn 
1 o ' 1Ej ij 
X~ A. . 

1 0 

and 

c LII = 

C 

I~ E..4..i=1. j=1 Id 7,,7 

c v 
SIA.. 

i= j=1 

[1101] 

and 

n 

kRU 
-R =Cp1l3-

n1 ~A.. 

z-=c j=l 2 

[102] 

and c 
~A..x 

ILH c 

i=1 j=1 7,j 
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Substituting equations [100], [101], [102] and [1031 into [99] and
 

simplification leads to
 

lope 1=c =1 i=1 j=1 [104
Snp Xi [104]
 

I~f i
i~c i=1 j=1 7"1 

in which
 

c is the centroid Zocation on stations in the x direction
 

The derivation of the double centroid slope equation in the y
 

direction is similar.
 

Stakes or coordinates representing less than 100 x 100 foot
 

areas would be accounted for in the area values. These incomplete
 

coordinates would occur at irregular boundaries and normally at the
 

center of the field. The centroid of the field will not normally be
 

located exactly between coordinates for an irregular field.
 

Equations [64] and [96] are the models for calculating slopes of
 

profiles containing even and odd number of stations, respectively. For
 

application to a plane simply include the elevations of all coordinates
 

on each one-half of the field (equations [97] and [98]). If the plane is
 

an odd shaped field, then equation [104] must be used as it is impossible
 

to develop a simple equation in terms of n and E. similar to equations
 

[97] and [98]. However, equation [104] is very adaptable to computer
 

programming.
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The slopes balance the cuts and fills in each one-half of the profile
 

or in each one quarter of the field. Theoretically this should reduce
 

the cost of grading because none of the soil need be moved out of the
 

individual one-quarter of the field, thus reducing the distances the
 

soil must be moved and the resultant costs.
 

Double centroid equations [64] and [96] are exactly the same as
 

equation [17] and [18] developed by Shih (1972b). The denominators of
 

equations [64] and [96] do not contain d because they were developed
 

in terms of stations. The development of these equations was not only
 

independent, it is unrelated mathematically. The Double Centroid Method
 

was based on the principle of centroids. The Symmetric Residuals Method
 

(Shih, 1971b, page 1195) was based on " ... residual properties,
 

Newton's divided difference interpolation procedure, and statistical
 

properties of the best statistic with an unbiased estimate and minimum
 

variance." A study of the mathematical concepts between the two separate
 

derivations but identical results might be a good topic for a masters
 

thesis in mathematics.
 

It should be stressed that the equations are only the same for the
 

special case of a rectangular field with each stake representing a uniform
 

area. The general double centroid equation [104] for any shaped field
 

is completely different from the general Symmetrical Residuals Method
 

(Shih, 1972c).
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Amount To Lower Grade Line
 

It is the experience in grading land with modern earth-moving
 

equipment that a greater volume of cut than fill must be allowed in
 

order to provide a sufficient volume of cut to take care of the called­

for volume of fill.
 

The amount that the grade line must be lowered, to produce the
 

desired ratio of Icuts to Ifills, need only be an approximate value for
 

2 reasons: (1) the estimated ratio of cuts to fills upon which it is
 

based is only an estimate and (2) the ratio of cuts to fills must be
 

checked in the field after grading has commenced and adjustments made
 

(Marr, 1957).
 

Historically, this adjustment has been estimated by trial and
 

error. If the total depth of cut is found to be too small to agree
 

with the desired ratio of cuts to fills, the elevation of the plane is
 

lowered by trial and error at all grid corners until the desired ratio
 

of cuts to fills is obtained. Marr (1957) describes this trial and
 

error technique.
 

The Computer Minimirzed Cost Method must select the optimum slope
 

based on actual cuts moved in the field. This dictates the grade line
 

must be lowered before the slope can be optimized. However, the
 

increment to lower the grade line cannot be determined by trial and
 

error before the slope is determined. Therefore, a theoretical model
 

has been derived to estimate the amount the grade line should be lowered
 

based on the desired ratio of cuts to fills to replace the trial and
 

error method.
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As the grade line is lowered, the number of cut coordinates is
 

increased and the number of fill coordinates is decreased. The basic
 

assumption in the derivation is that the ratio of number of cuts to the
 

number of fills is equal to the ratio of volume of cuts to volume of
 

fills.
 

R = No/N [105] 

in which
 

R is the ratio of the summation cuts to summation of fills 

N
C 

is the number of cut coordinates 

Nf is the number of fill coordinates 

or
 

N 
R=N - N [1061 

t C 

in which
 

Nt is the total nuber of cuts and fills 

or
 

R(N - N) = N [1071 

or
 

RNt =N o + RN o [1081 
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or
 

Nc = RNt/(1+R) [109] 

and
 

N = Nt -N [110] 

f t c 

or
 

RN t
Nf =N t - [111] 

f t 1+R 

or
 

Nt +RN t - RN 

N = +Rt t [1121
.P 1+R 

or
 

Nf = Nt/(1+R) [1131 

If the assumption that equation [105] is correct then the ratio R after
 

lowering the grade line any increment is defined exactly by
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RN 

I+1 
R = Nt [114] 

in which 

IC is the summation of cut before the lowering of the grade line 

IF is the summation of fills before the lowering of the grade line 

A is the increment the grade line is lowered.g 

Rearranging equation [114]
 

RNt RIF R ((t= A [115] 

17+R g 1T)R g 

or
 

(RN t RN t ~ 

A (-) +(-) = RF - (C[1161

g 1+R1? l+ 

or
 

2RNt 
Ag (-Tp) = RIC - IC (117] 

or
 

A) (+R IC)RXF- [118] 

g 2; *( 

Therefore equation [118] can be used to estimate the amount to 

lower the grade line in lieu of the laborious trial and error procedure. 

It also permits the Computer Minimi zed Cost Method to be based on actual 

cuts after lowering the grade line. 
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Computer Minimized Cost Method
 

The least squares minimizes the squares of cuts and fills.
 

Attempts to derive a theoretical formula for minimizing cuts 
has been
 

The Double Centroid Method is a step in minimizing the
unsuccessful. 


cost through minimizing distances indirectly where a computer is
not
 

available.
 

The theory of the Computer Minimized Cost Method is based on
 

All

optimizing land grading so as to minimize the costs directly. 


previous notions of minimizing cuts, squares of cuts, or distances 
will
 

to get to the basics of economics. The costs
be disregarded so as 


(a) the cost of surveys and
associated with land forming include: 


calculations, (b) the cost of initial field preparation and final
 

smoothing, and (c) the cost of primary earth movement during the 
land-


These
The last item can be subdivided into two costs.
forming process. 


are: (a) the cost of excavating and spreading the volume of cut, and
 

(b) the cost of transporting the earth from the areas of cut to the
 

These latter two costs are the bases of the Computer
areas of fill. 


Minimized Cost Method.
 

The slopes must be calculated in both directions for a plane.
 

The starting slopes for the Computer Minimized Cost Method are determined
 

by the Least Squares Method. The slope is rotated about the centroid
 

in one direction then in the perpendicular direction from the starting
 

slopes. The iteration procedure rotates the plane in slope increments
 

of 0.01 percent. Greater accuracy is possible with a computer but would
 

not be practical to apply to land grading.
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At each slope encountered in the iteration process the grade line
 

is lowered before the cost of grading is calculated. The computer totals
 

the cuts and fills at each slope. These summations are used in equation
 

[118] to calculate the amount to lower the grade line based on the ratio
 

desired. The actual ratio of summation of cuts to summation of fills is
 

calculated so that it may be checked against the ratio desired.
 

The multiple regression formula
 

E = a + bx + cy [119] 

in which
 

E is the elevation of the plane 

is used to calculate the elevations of the plane which has been lowered
 

the desired amount. A subroutine subprogram determines the grade eleva­

tions and the resultant cuts and fills from the calculated slopes.
 

The cost of mcving the soil is also calculated in a subroutine sub­

program. The subprogram theoretically moves the land grading equipment 

through the field or array to most nearly represent actual field opera­

tions. The sequence of the equipment movement through the field searching 

for cuts is shown by numbers at the coordinates in Figure 12. In the 

example a cut is located at (x43y3). After a cut is located the 

equipment theoretically circles the cut in widening circles, as indicated 

by letters at the coordinates, to locate the nearest fill. A fill is 

located at (x 6 ,y 5) in Figure 12. 
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* Origin 	 Stations 
x1 x2 x4
x3 	 x5 
 x6 " n x 

I i 2 j3 k 4 1 5 q 6 7 8 9 

a 12 b 13 	e 14 r 15 16 17 18 
10 m 11 


19 n 20 c 	21 f s 

S o d h t ­

_ 
Y5P U V W__ 	 _ 

.p 	 v w, 

Figure 12. 	 Theoretical movement of equipment in field; numbers indicate
 
search for cut and letters indicate search for fill.
 

A subroutine subprogram from the previous subprogram is called to
 

calculate the cost of moving the individual cuts. The distance is
 

calculated using the Pythagorean theorem. The cost of moving individual
 

cuts is calculated based on the load factor and the distance factor for
 

the respective equipment being used for grading. The load factor is
 

the cost of 	loading and spreading bank yards of soil. Likewise, the
 

distance factor is the cost of hauling and return for bank yards. Both
 

factors are 	based on equation [10]. The load factor is in dollars per
 

average foot of cut in a 100 feet by 100 feet area. This is the field
 

surface covered by one grid stake. The distance factor is in dollars
 

for a similar volume of soil per 100 feet the soil is moved.
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If an excess 
of cut remains after the fill is completed, it is
 

deposited in the next fill located. 
Vice versa, if the cut is insuffi­

cient to complete the fill, it is brought to grade line using the next
 

cut encountered. The procedure is continued until all cuts and fills
 

have been made which theoretically grades the field to the plane
 

desired. 
The second order subroutine also sums the cost of moving the
 

individual cuts to produce a value for the total cost of moving soil
 

in the field. Costs are compared with the cost of grading at the previous
 

slope to determine if the optimum slope has been obtained or if the
 

iteration process should continue. Costs of moving soil on a per acre
 

basis are determined for the optimum slope after returning to the main
 

program.
 

Thus, the theory of the Computer Minimized Cost Method is that by
 

making iterations of different slopes rotating about the centroid, and
 

calculating the costs 
for the given machine's mode of operation and
 

characteristics, the optimum slope may be determined. 
The prime factor
 

in land grading costs is the type of equipment, which previously has
 

not been considered in determining slopes. Actual cost figures for
 

loading and spreading, and hauling and return may be programmed. These
 

costs will vary tremendously between track laying equipment and rubber
 

tired equipment. 
 In addition, operating conditions such as rolling
 

resistance and slopes encountered can be included.
 

Any equipment operational procedure can be programmed for the
 

individual contractor. Practical field movement of the equipment or
 

random movement to minimize average haul distances (Smerdon et al.,
 

1966) may be used.
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METHODS OF PROCEDURE
 

The basic procedure was an economic comparison of four methods
 

The comparisons
of calculating slopes and evaluation of variables. 


and evaluations were conducted on profiles and planes utilizing compu­

ters. In addition relationships involving standard deviations, and
 

correlation coefficient squared were studied.
 

The two methods of calculating slopes derived in this dissertation,
 

the Double Centroid and the Computer Minimized Cost Methods were
 

compared with two standard methods, the Least Squares and the Average
 

The Least Squares Method was selected for comparison because
Slope. 


it has been the standard method of calculating slopes for land grading
 

for over 30 years (Givan, 1940). It is taught in universities and
 

used by governmental agencies (SCS, 1961). The Average Slope Method
 

was selected for comparison because it was the only existing method
 

that had not been proven inferior to the Least Squares Method (Shih,
 

1970).
 

Variables which were evaluated include the load factor, distance
 

In addition the reliability of
factor, cuts, and length of field. 


equation [118] for calculating the amount to lower the grade line
 

was determined.
 

Profile
 

Profiles were used for the theoretical evaluations for two reasons,
 

the first being that the sequence of equipment movement was eliminated
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as a variable. If the cuts were moved to the nearest fill, the distance
 

and the theoretical movement of the soil and equipment is a constant.
 

Secondly, it is possible to describe specific profiles from transducental
 

functions which have an exact physical description to everyone.
 

Computer programs
 

Individual computer programs were written for each of the four 

methods of calculating slopes; Average Slope, Least Squares, Computer 

Minimized Cost and Double Centroid. The basic simplified flow chart 

is similar for all four methods and is shown in Figure 13. The 

individual computer programs for the Least Squares, Double Centroid 

and Average Slope Methods are included in Appendix I. Appendix II 

contains the program for the Computer Minimized Cost Method. 

The programs were designed to include as many sets of data or
 

profiles as desired. The computer calculates the number of stations
 

after reading in and writing out the elevations of the original profile
 

data.
 

The only other data read is in the load factor and the distance
 

factor for the equipment being used for grading. The respective values
 

used were 20.797 and 3.154. These factors were based on computer
 

simulation of earth moving equipment operation haul number 001, Model
 

33F tractor-elevating scraper (Appendix III). Westinghouse Air Brake
 

Company Construction Equipment Division of Peoria, Illinois supplied
 

the data on the Le Tourneau equipment.
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Figure 13. 	 Basic simplified flow chart of the computer program for
 

calculating slopes for a profile (Computer Minimized Cost
 
Method).
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Next, the elevation of the centroid was calculated by obtaining
 

the average elevation of the individual elevations.
 

The computer program calculates the design slope. The slope
 

between each adjoining station was calculated and the average slope
 

determined in the Average Slope MetLhod. Equation [45] was used to
 

calculate the slope for the Least Squares Method. Equations [64] or
 

[96] were used to calculate the DoubZe Centroid slope depending on
 

whether there was an even or odd number of stations. The computer
 

determines the slope for the Computer Minimized Cost Method by
 

optimizing the cost of land grading as described under "Theory."
 

After the slope has been determined by the appropriate method, the
 

origin of the line "a" in equation [35], was calculated from the previously
 

determined centroid and slope. With all the constants known in equation
 

[35] the calculated elevations of the desired slope are calculated at
 

each station. The cut or fill at each station is the difference
 

between the original elevation of the profile and the calculated
 

elevation.
 

Once the cuts and fills were determined, the cost of moving the
 

soil was calculated using the programmed load and distance factors.
 

Theoretically the equipment moves from station one in an ascending order
 

searching for a cut. At each cut encountered the soil is moved to a
 

fill which is also searched for from station one in an ascending
 

order. The appropriate cost of moving the cut is calculated, based
 

on the load and distance factors. If an excess of cut remains after
 

the fill is completed, it is deposited in the next fill located.
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0 

Vice versa, if the cut is insufficient to complete the fill, it is brought
 

to grade line using the next cut encountered. The procedure is continued
 

until all cuts and fills have been made which gives the profile the
 

slope desired. The summation of costs of moving individual cuts gives the
 

total theoretical cost of grading the profile. The cost of moving soil is
 

calculated on a per acre basis for more realistic understanding.
 

3.00
 

e =-0.18514Sto 
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1 5 10 15 20
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Figure 14. Natural logarithmic function and slope as calculated by
 
the Least Squares Metlhod for a length of 13 stations.
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Figure 15. Sine function and slope as calculated by Lcast Squares
 

Mothod for a length of 13 stations or 260 degrees.
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Figure 16. 	 Cosecant function and slopes as calculated by the Least
 
Squares Method and Computer Minimized Cost Method for a
 

length of 13 srations or 260 degrees.
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Figure 17. 	 Functions y = 0 (x<) and y = sinx (x>0) and slope 
calculated by Least Squares MethrOx for length of 13 stations. 

Tn addition the standard deviation of cuts and fills from the 

slope as calculated by the Least Squares MethoI is computed. The 

correlation coefficient squared is also calculated. 

Finally all results are written out as shown in the sample
 

printout in Appendix I or II.
 

Transcendental functions
 

Transcendental functions were selected to give a variety of profiles.
 

They include the natural logarithmic function, sine function, cosecant
 

function and a fourier expansion function. The dependent variables repre­

sent elevations.
 

The natural logarithmic function (Figure 14) of 19 different lengths
 

was evaluated. The lengths varied from 12 to 20 for theindependent
 

function. The independent variable represents the stations. The slope
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calculated by the Least Squares Method for the natural logarithmic
 

function of the independent variable equal to 13 is shown in Figure 14.
 

Sine and cosecant functions of lengths from 220 - 380 and 120 ­

360 degrees, respectively, were evaluated by the four methods. Each
 

twenty degrees represents a station. The sine curve of 400 degrees
 

and the slope calculated for the sine curve of 260 degrees by the
 

Least Squares Method are shown in Figure 15. The cosecant curve of
 

360 degrees and the slope calculated for the cosecant curve of 260
 

degrees are shown in Figure 16. The slope calculated by the Computer
 

Minimized Cost Method for the same length of the function is also shown.
 

The fourth transcendental function is shown in Figure 17. Again
 

each station represents 20 degrees. The profile consists of the
 

function
 

y = 0 [120]
 

from -180 to zero degrees and
 

y = sine x [121]
 

from zero to +180 degrees. The fourier expansion of this function is
 

1 Sin x 2 Cos 2 x + Cos 4 x + Cos 6 x + Cos 8 x + [122] 
r 2 IT 3 15 35 63 
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The slope calculated by the Least Squares 
Method is shown for the
 

to +80 degrees.
function of length -180 


The independent variable again represents 
elevations in the
 

graph 	of the profile.
 

Variables 	evaluated
 

The variables analyzed were (1) load 
factor, (2) distance factor,
 

The variables to be
 
(3) length of field and (4) volume of 

soil moved. 


analyzed were assigned varying values 
while all remaining variables were
 

held 	constant for selected profiles.
 

The load factor was assigned the values 
of 10.00, 15.00, 20.00,
 

25.00 and 	30.00 as well as the load factor, 
20.797, of the Le Tourneau
 

equipment.
 

The distance factor was varied by increments 
of 0.5 from 2.00 to
 

the distance factor, 3.154, for the 
elevating


4.00. 	 Included was 


Field lengths were evaluated simultaneously 
with the distance
 

scraper. 


factor because increasing the distance 
factor is the same as increasing
 

the distances between stakes or the length 
of the field.
 

For
 
Cuts were varied by multiplying the functions 

by factors. 


example, factors of 1.1, 1.0, 0.9, 0.8 and 0.7 were multiplied by 
the
 

csc_,
 
consecant function of 260 degrees or y=1.1 csc x, y=1 csc x, 

y=0.9 

y=O.8 csO and y=O.? csc x (Figure 18). The increase in cuts per factor 

is also shown.
 



79
 

44 y=1. 1 csc x 

0 
- 9 csc x 

C~10 

'-4 

0 

5 slope =-0.411; cuts = 1241. 1 yd 3 /ao 

----- slopesope = -0.336; lcuts = 1075.0 yd:4/acslope =-0-962; lo.uts =7.895 

4 yd3/ac 

(U 0 

1 5 10 13 
Stations (100 ft) 

0 90 180 260 
Independent Variable (Degrees) 

Figure 18. Effects of function factor on slopes and cuts calculated by 
the Least Squares Method for cosecant function of 260 degrees. 
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Relationships studied
 

The relationship of correlation coefficient squared and the
 

standard deviation of cuts and fills from the slope to the ratios of
 

cost of moving soil were studied. The purpose was to be able to predict
 

the most economical method to use on a specific profile.
 

Computer runs were made on data to investigate cost of moving soil
 

versus cuts.
 

Planes
 

Field data from 12 previously graded fields were evaluated. A plane
 

was fitted to the elevations at the grid stakes by the Average Slope,
 

Least Squares, Computer Minimized Cost and the Double Centroid Methods.
 

Computer programs
 

The basic computer program is the same for all methods, except for
 

slope calculations. Computer programs are reproduced in Appendix IV.
 

The basic flow chart is shown in Figure 19.
 

The computer programs for three dimensional planes were in principle
 

similar to programs for the profiles. Important differences are covered
 

in the discussion of the Computer Minimized Cost Method in the "Theory."
 

Field data evaluated
 

The Double Centroid and Computer Minimized Cost Methods were
 

compared with the standard methods for three fields each from four
 

locations. The elevations from these previously graded fields were
 

supplied by the Soil Conservation Service, United States Department of
 

Agriculture. The four Soil Conservation Service offices supplying the
 

data were located at Dickinson, North Dakota; Colusa in Colusa County,
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California; Woodland in Yolo County, California; and Stockton in San
 

Joaquin County, California. The original field data are listed in
 

Appendix V and will be henceforth referred to as North Dakota 1, 2, and
 

3; Colusa 1, 2, and 3; Yolo 1, 2, and 3; and San Joaquin 1, 2, and 3.
 

Variables evaluated
 

The ratios of summation of cuts to summation of fills were varied
 

from 1.0 to 1.4 by increments of 0.10 while holding other variables
 

constant for field Yolo No. 3. The ratios were compared with the cost
 

of moving soil and the ratio of the number of cut coordinates to fill
 

coordinates.
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Figure 19. 	 Basic simplified flow chart of computer program for
 
calculating slopes for a plane (Computer Minimized Cost
 
Method).
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RESULTS AND DISCUSSION
 

Results will be discussed for two groups of data; 
(1) profile and
 

(2) plane as described in the "Theory." 
 All results have been summarized
 

in graphs. Tables containing the refined data with the respective
 

symbols accompany the graphs.
 

Profile
 

Transcendental functions
 

The general relationships of the four methods of slope design for
 

the natural logarithmic, sine, cosecant and fourier expansion functions
 

of varying lengths are shown in Figures 20, 21, 22 and 23. 
 Tables 2, 3,
 

4, and 5 contain the detailed data for the respective graphs.
 

In all lengths of all functions evaluated, the cost of grading
 

land to slopes calculated by the Average Slope Method have been too
 

expensive to evaluate it further. 
The cost of grading all profiles by
 

the Computer Minimized Cost Method is equal to or less than the costs
 

by the other three methods.
 

In addition, the Double Centroid Method is superior to the Least
 

Squares Method for all lengths of the natural logarithmic and cosecant
 

functions except for the cosecant function of 360 degrees. 
The cost of
 

grading for the two methods is equal at this length. 
The reason is that
 

the function is symmetrical at 360 degrees and both methods design the
 

same slope.
 

For the sine and fourier expansion functions, the economic superior­

ity of the Least Squares Method over the Double Centroid Method reverses
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Table 2. Cost of land grading in dollars per acre for various methods
 
of calculating slopes and cosecant function of varying
 
degrees
 

Degrees Average Least 

Slope Squares 


120 119.251 106.426 

160 140.299 109.280 

200 161.097 108.930 

240 181.837 108.303 

280 202.168 109.309 

320 216.564 114.088 

360 179.501 179.501 


Method 
Computer Double 

Minimized Cost Centroid 

100.390 1)0.172 
102.066 102.477 
99.360 100.293 
97.256 99.358 
99.020 99.729 

107.548 107.656 
179.501 179.501 

Table 3. Cost of land grading in "ollars per acre for various methods
 
of calculating slopes and sine function of various degrees
 

Degrees Average Least 

Slope Squares 


220 24.572 24.066 

240 27.529 26.184 

260 30.761 26.901 

280 34.052 26.512 

300 38.203 25.024 

320 43.507 24.264 

340 50.248 25.351 

360 57.084 28.238 

380 64.460 32.610 


Method 
Computer Double 

Minimized Cost Centroid 

23.664 23.925 
25.787 25.786 
26.509 26.509 
25.587 25.587 
24.034 24.109 
23.576 24.377 
24.848 26.586 
27.394 30.741 
31.832 34.632 



89 

Table 4. Cost of land grading in dollars per acre for various methods
 
of calculating slopes and natural logarithmic functions of
 
varying lengths
 

Method 
Indepcndent Average Least Computer Double
 
Variable Slope Squares Minimized Cost Centroid
 

12 16.634 13.624 13.216 13.225
 
13 18.139 14.451 14.041 14.095
 
14 19.626 15.240 14.743 14.753
 
15 21.217 16.078 15.359 15.461
 
16 22.835 16.752 16.137 16.133
 
17 24.529 17.483 16.906 16.978
 
18 26.285 18.238 17.695 17.686
 
19 27.A82 19.087 18.422 18.475
 
20 29.821 19.847 19.085 19.126
 

Table 5. 	Cost of land grading in dollars per acre for various methods
 
of calculating slopes and fourier expansion (equation [122])
 

Method
 
Degrees Average Least Computer Double
 

Slope Squares Minimized Cost Centroid
 

-180', 600 12.349 9.811 9.272 9.275
 
-18009 800 13.647 12.622 12.301 12.301
 
-1800, 1000 13.911 13.872 13.786 13.651
 
-1800, 1200 14.121 13.690 13.690 13.690
 
-180', 1400 16.313 12.961 12.961 13.058
 
-1800, 1600 23.070 13.259 13.259 14.210
 
-1800, 1800 31.062 15.220 15.220 17.117
 



90 

The rever­
at approximately the center of the various lengths 

studied. 


sal occurred for the sine function when its length 
slightly exceeded
 

the minimum value in the second one-half of its cycle. 
Similarly for
 

the fourier expansion function the reversal occurred 
when its length
 

slightly exceeded the maximum value of the one-half cycle 
of the sine
 

function. Therefore, it appears in general that the Double Centroid
 

Method is superior to the Least Squares Method for a 
general concave
 

profile. But for a combination concave, convex profile the Least
 

No mathe-

Squares Method is superior to the Double Centroid Method. 


matical explanation can be given for these observations.
 

Load factor
 

Figure 24 and Table 6 verifies that the cost of moving soil 
as
 

calculated by the Double Centroid and Least Squares Methods 
is directly
 

proportional to the load factor of the cosecant curve of 260 degrees.
 

The slope is constant for varying load factors for the Double Centroid
 

and Least Squares Methods. Thus, the load factor and the cost of
 

grading would increase if an elevating scraper was exchanged for 
a
 

standard scraper.
 

Cost of moving soil is nearly directly proportional to the load
 

factor for the Computer Minimized Cost Method. Changing the load factor
 

may change the slope with this method which would prevent a direct
 

The load factor is an economic factor and the Computer
proportionality. 


Minimized Cost Method selects the most optimum slope for each load
 

factor or type of equipmen, that it represents. Similar data were
 

obtained for other transcendental functions.
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Effect of 	load factor on cost of moving soil by Double Centroid,
Table 6. 

Computer Minimized Cost, and Least Squares Methods for cosecant
 
function of 260 degrees.
 

Method
 
Load Least Computer Double
 

Factor Squares Minimized Cost Centroid
 

10.000 72.411 	 65.996 66.771
 
80.716 	 82.000
15.000 	 89.141 


20.000 105.871 	 95.151 97.229
 

20.800 108.538 97.452 	 99.656
 

25.000 122.601 109.546 	 112.457
 

30.000 139.331 	 123.884 127.686
 

Table 7. 	Effect of distance factor on cost of moving soil by Double
 
Centroid, Computer Minimized Cost and Least Squares Methods
 
for cosecant function of 260 degrees.
 

Method
 
Distance Least Computer Double
 
Factor Squares Minimized Cost Centroid
 

2.000 94.286 	 83.643 86.370
 

2.500 100.461 	 89.644 92.126
 
3.000 106.636 	 95.625 97.883
 
3.154 108.538 	 97.452 99.656
 
3.500 112.811 	 101.556 103.640
 

4.000 118.986 	 107.486 109.396
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Distance factor
 

The effect of increasing the distance factor is shown in Figure 25
 

and Table 7 for the cosecant function at 260 degrees. Varying distance
 

factors give the same effect as varying the length of a profile or
 

field by varying the distance between stations. Thus the results may
 

be viewed as the consequence of increasing the distance factor or
 

increasing the length of the field. The explanation of the results is
 

the same as in the previous paragraph for load factors.
 

Cutr
 

Cuts were varied by multiplying the functions by factors (Figure 18).
 

Cuts or a function's multiplication factor were nearly directly propor­

tional to the cost of moving soil. However, when varying the factor we are
 

also changing the profile and the resultant slopes will be different.
 

Thus a direct proportionality is not obtained. The results for the
 

cosecant function of length equal to 260 degrees are presented in
 

Figure 26. The refined data may be obtained from Table 8. Similar
 

results were obtained for other profiles.
 

Figure 27 and Table 9 illustrate graphically the well proven fact
 

that costs are not directly proportional to cuts. If they were, all
 

points would fall in a straight line. Thus slope designs should not
 

be based on minimizing cuts.
 



120.0­

w 
-1 
r-4 
0 

110.0­

, Least Squares 

0 w 00.0 -

0 

4-I 
0 

0 

90.0­

80.0 
2.0 2.5 3.0 

Distance Factor 
3.5 4.0 

Figure 25. Effect of distance factor on cost of moving soil by DoubZe Centroid, Computer Minimized 
C'ost and Least Squares Methods for cosecant function of 260 degrees. 



120.0 

-
W 
$.4 

110.0-2 

C 

u 

r4 

-H 

0 

o 

.4 
0 

100.0­

90.0 ­

~Least Squares 

0 80.0-1 Computer Minimized Cos 

70.0 
1.1 1.0 

I 
0.9 

Factor 

0.8 0.7 

Figure 26. Effect of multiplication factor or cuts on 

at 260 degrees. 

the cost of moving soil for the cosecant function 

tn 



0 0 0
 

100­

0 

ci 
-c. 

14 

w
 

0	 °So. 500
 

08 
00
 

5hO 	 1000 15b0
 
Cuts (Cubic 	Yards Per Acre)
 

Figure 27. 	 Relationship of cost in dollars per acre to cuts in cubic yards per acre for the
 

various profiles calculated with Least Squares Method.
 



97 

Table 8. Effect of multiplication factor or cuts on the cost of moving
 
soil for the cosecant function at 260 degrees
 

Multip- Method 
lication Least Computer Double 
Factor Squares Minimized Cost Centroid 

1.100 119.447 107.218 109.659 
1.000 108.538 97.452 99.656 
0.900 97.268 87.603 89.653 
0.800 86.870 78.052 79.783 
0.700 75.976 68.169 69.747 

Table 9. 	Relationship of cost in dollars per acre to cuts in cubic
 
yards per acre for the various profiles calculated with
 
Least Squares Method
 

Cuts 	 Costs
Profile 
 Cubic Yards Per Acre Dollars Per Acre
 

CSC(00 ,1200) 1506.703 106.426
 
CSC(00 ,2000 ) 1370.512 108.930
 
CSC(00 ,280') 1208.138 109.309
 
CSC(00 ,360') 1744.194 179.501
 
SIN(00 ,2200 ) 278.647 24.066
 
SIN(00 ,2600 ) 294.413 26.901
 
SIN(00 ,3000 ) 267.924 25.024
 
SIN(00 ,340 0 ) 283.776 25.351
 
SIN(00 ,3800 ) 352.177 32.610
 
FE*(-1800 ,60') 113.887 9.811
 
FE*(-1800 ,100') 148.235 13.872
 
FE*(-180',1400) 	 142.048 12.961
 
FE (-180',1800) 	 175.655 15.220
 

*FE - Fourier expansion of Figure 17, equation [122].
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Function uniformity
 

An attempt was made to find a relationship between measures of
 

uniformity and cost ratios. The ratios were calculated by the Least
 

Squares Method to the Computer Minimized Cost and Double Centroid
 

Methods. The purpose was to predict the superior method from the
 

uniformity of the profile. The two measures of uniformity or dispersion
 

were the standard deviation and the correlation coefficient squared.
 

Both statistical measures were applied to deviations of the function
 

from the slope calculated by the Least Squares Method. The correlation
 

coefficient squared can be interpreted as a measure of dispersion as it
 

indicates how close data follows a straight line relationship. If all
 

the data fall on a straight line, the correlation coefficient squared
 

equals one. As the data become more scattered about a straight line,
 

the correlation coefficient squared approaches zero.
 

There were no significant relationships between either statistical 

measure and the ratios (Figures 28 and 29). The refined data are shown 

in Table 10. Therefore, the superiority of the derived methods over the 

Least Squares Method cannot be predicted from either the standard 

deviation or the correlation coefficient squared. However, the ratio 

of cost of moving soil as calculated by the Computer Minimized Cost 

Method to the Least Squares Method was always less than or equal to 

one. This shows clearly the superiority of the Computer Minimized Cost 

Method when the analysis is based on costs rather than cuts or squares 

of cuts. 
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Table 10. 	 Ratio of cost of moving soil for Double Centroid and
 
Computer Minimized Cost Methods to Least Squares Method
 
with standard deviation and correl3tion coefficient squared.
 

Standard Correlation Method
 
Profile Deviation Coefficient Computer Double
 

Squared Minimized Cost* Centroid*
 

CSC(O',120') 2.132 64.749 0.94 0.94 
° CSC(O°,160 ) 2.200 55.819 0.93 0.94 

CSC(00,200 0 ) 2.198 48.711 0.91 0.92 
° CSC(O°,240 ) 2.174 42.253 0.90 0.92 

CSC(O ,2800) 2.153 35.162 0.91 0.91 
CSC(O°,3200 ) 2.177 24.465 0.94 0.94 
CSC(O°,3600 ) 3.185 00.000 1.00 1.00 
SIN(O,2200 ) 0.394 29.858 0.98 0.99 
SIN(00 ,240') 0.418 45.160 0.98 0.98 
SIN(00,2600 ) 0.425 56.428 0.99 0.99 
SIN(00 ,2800) 0.418 64.428 0.97 0.97 
SIN(00,300 0 ) 0.404 69.495 0.96 0.96 
SIN(00 ,320 0 ) 0.395 71.345 0.97 1.00 

° SIN(O°,340 ) 0.405 69.010 0.98 1.05 
SIN(0°,360') 0.439 61.492 0.97 1.09 
SIN(0°,380') 0.492 49.080 0.98 1.06 
LN(0,12) 0.235 89.411 0.97 0.97 
LN(0,13) 0.245 88.917 0.97 0.98 
LN(0,14) 0.252 88.540 0.97 0.97 
LN(0,15) 0.259 88.195 0.96 0.96 
LN(0,16) 0.266 87.829 0.96 0.96 
LN(0,17) 0.273 87.490 0.97 0.97 
LN(0,18) 0.279 87.202 0.97 0.97 
LN(0,19) 0.284 86.899 0.97 0.97 
LN(0,20) 
FE**(-1800 ,+600 ) 

0.289 
0.170 

86.686 
50.297 

0.96 
0.95 

0.96 
0.95 

FE (-1800,+800) 0.202 60.052 0.97 0.97 
FE (-180',+1000) 0.211 68.000 0.99 0.98 
FE (-180',+120') 0.206 73.571 1.00 1.00 
FE (-1800,+140') 0.202 75.088 1.00 1.00 
FE (-180',+160') 0.220 69.006 1.00 1.07 

*See Tables 3, 4, 5, and 6 for data used in calculating ratios.
 
**FE - Fourier expansion of Figure 17, equation [122].
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Plane
 

Ratio (summation cuts/summation fills)
 

The cost of moving soil is nearly proportional to the ratio of
 

summation of cuts to fills. An increasing cost would be expected
 

-because as the ratio increases the actual volume of cuts that must be
 

moved increases. This is shown graphically for the field Yolo No. 3 in
 

Figure 30. The graph was drawn from data presented in Table 11.
 

Similar results were obtained for other sets of data. Since slopes
 

are calculated before lowering the grade line for both the Least Squares
 

and Double Centroid Methods, the slopes are the same for all ratios.
 

This would indicate that couts should be directly proportional to the
 

ratio for these two methods. However, when the grade line is lowered
 

the numbers of cuts are increased and the number of fills are decreased.
 

This creates a whole new pattern of soil movement which prevents the
 

relationship from being linear. Slopes are calculated after the grade
 

line is lowered in the Computer Minimized Cost Method. Thus, the slopes
 

are changing as the ratio is increased, which also prevents direct
 

proportional relationships.
 

Ratio (number of cuts/number of fills)
 

The assumption that as the grade line is lowered the ratio of the
 

number of cuts to fills is the same as the ratio of the summation of
 

cuts to fills was used in the derivation of equation [118]. Figure 31
 

and Table 12 show the results of an analysis of this assumption. If
 

the assumption is correct, then the slope of regression line (b) should
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Figure 30. Relationship of cost of moving soil per acre to ratio of cuts to fills for the field Yolo
 
No. 3.
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Table 11. 	 Cost of moving soil in dollars per acre for various ratios
 
of cuts to fills by methods of calculating slopes
 

Method
 
Field Icuts/Ifills Least Computer Double
 

Squares Minimized Cost Centroid
 

Yolo No. 3 1.0 80.504 75.594 78.212
 
1.1 81.180 77.828 79.136
 
1.2 82.782 79.785 81.201
 
1.3 84.014 82.165 82.408
 
1.4 84.734 81.107 82.849
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Table 12. Number of cuts, number of fills and ratio of Nc/Nf for 12
 
sets of field data at various ratios of IC to IF desired
 

Ratio Desired

Field jCIjF 

North Dakota
 
1 1.0 

2 1.0 

3 1.0 


Colusa
 
1 1.0 

2 1.0 

3 1.0 


Yolo
 
1 1.0 

2 1.0 

3 1.0 


San Joaquin
 
1 1.0 

2 1.0 

3 . 1.0 

North Dakota 
1 1.1 

2 1.1 

3 1.1 


Colusa
 
1 1.1 

2 1.1 

3 1.1 


Yolo
 
1 1.1 

2 1.1 

3 1.1 


San Joaquin
 
1 1.1 

2 1.1 

3 1.1 


North Dakota
 
1 1.2 

2 1.2 

3 1.2 


Colusa
 
1 1.2 

2 1.2 

3 1.2 


Yolo
 
1 1.2 

2 1.2 

3 1.2 


Number Cuts 

Nc 


55 

123 

52 


34 

45 

44 


74 

91 


141 


82 

10 

28 


58 

126 

53 


36 

46 

46 


79 

93 


143 


86 

10 

28 


62 

128 

55 


36 

48 

47 


83 

98 

146 


Number Fills Ratio
 
Nf Nc/Nf
 

55 1.000
 
72 1.708
 
48 1.083
 

44 0.773
 
39 1.154
 
47 0.936
 

106 0.698
 
129 0.705
 
125 1.128
 

58 1.414
 
8 1.250
 

17 1.647
 

52 1.115
 
69 1.826
 
47 1.128
 

42 0.857
 
38 1.210
 
45 1.022
 

101 0.782
 
127 0.732
 
123 1.163
 

54 1.593
 
8 1.250
 

17 1.647
 

48 1.292
 
67 1.910
 
45 1.222
 

42 0.857
 
36 1.333
 
44 1.068
 

97 0.856
 
122 0.803
 
120 1.217
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Table 12. Continued 

Ratio Desired Number Cuts Number Fills Ratio 
Field jC/jF Nc Nf Nc/Nf 

San Joaquin 
1 1.2 87 53 1.642 
2 1.2 10 8 1.250 
3 1.2 28 17 1.647 

North Dakota 
1 1.3 63 47 1.340 
2 1.3 129 66 1.955 
3 1.3 55 45 1.222 

Colusa 
1 1.3 37 41 0.902 
2 1.3 49 35 1.400 
3 1.3 49 42 1.167 

Yolo 
1 1.3 86 94 0.915 
2 1.3 98 122 0.803 
3 1.3 153 113 1.354 

San Joaquin 
1 1.3 90 50 1.800 
2 1.3 10 8 1.250 
3 1.3 28 17 1.647 

North Dakota 
1 1.4 66 44 1.500 
2 1.4 132 63 2.095 
3 1.4 57 43 1.326 

Colusa 
1 1.4 38 40 0.950 
2 1.4 51 33 1.545 
3 1.4 49 42 1.167 

Yolo 
1 1.4 91 89 1.022 
2 1.4 102 118 0.864 
3 1.4 155 11 1.396 

San Joaquin 
1 1.4 91 49 1.857 
2 1.4 10 8 1.250 
3 1.4 28 17 1.647 
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equal 1. Based on the data plotted in Figure 30, b equals 0.64. A 95
 

percent confidence limit for b is given by 0.044<b<1.236. Therefore,
 

the theory that the ratio of Nc/Nf increases as the ratio of Icut/Ifill
 

increases is good, but the assumption the two ratios are equal is
 

relatively inaccurate.
 

Amount to lower grade line
 

The ratio of summation of cuts to summation of fills desired versus
 

the ratio obtained may be seen in Figure 32 and Table 13. The data
 

evaluated consisted of the 12 fields each at ratios desired of 1.0, 1.1,
 

1.2, 1.3 and 1.4.
 

Although the assumption used in its derivation is relatively
 

inaccurate equation (118] is extremely accurate for determing the amount
 

to lower the grade line or plane (Figure 32). The reason that the number
 

of cuts and fills is relatively unimportant may be seen by studying the
 

denominator of equation [25] and [34]. The number of cuts are
 

multiplied by 1.0 and the number of fills are multiplied by the ratio
 

which is normally close to 1.0. For example, if in equation [25]
 

N=30, R = 1.2 and M = 0, a change from N0 =15, Nf=1 5 toNC=20,
 

Nf = 10 would only change the denominator from 33 to 32, approximately
 

3.0 percent.
 

Methods comparison
 

Figure 33 presents probably the most important results of this
 

study (see Table 14 for the original data). The relative economic
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Table 13. Volume of cuts and fills in cubic yards per acre and ratios
 
of IC to IF obtained for 12 sets of field data at various
 
ratios of C to IF desired
 

Ratio Ratio Cuts Fills
 

Field Desired Calculated Cubic Yard Cubic Yard
 
ZC/IF IC/IF per acre per acre
 

North Dakota
 
1 1.0 1.000 322.560 322.560
 
2 1.0 1.000 831.153 831.153
 
3 1.0 1.000 184.702 184.702
 

Colusa
 
1 1.0 1.000 199.228 199.228
 
2 1.0 1.000 490.871 490.871
 
3 1.0 1.000 465.960 465.960
 

Yolo
 
1 1.0 1.000 386.656 386.656
 
2 1.0 1.000 826.852 826.852
 
3 1.0 1.000 744.391 744.391
 

San Joaquin
 
1 1.0 1.000 324.478 324.478
 

2 1.0 1.000 156.429 156.429
 
3 1.0 1.000 83.177 83.177
 

North Dakota
 
1 1.1 1.100 338.558 307.780
 
2 1.1 1.099 881.651 802.230
 
3 1.1 1.100 194.034 176.395
 

Colusa
 
1 1.1 1.102 207.926 188.680
 
2 1.1 1.100 516.269 469.335
 
3 1.1 1.102 487.875 442.718
 

Yolo
 
1 1.1 1.101 402.355 365.445
 
2 1.1 1.101 859.905 781.022
 
3 1.1 1.100 782.353 711.230
 

San Joaquin
 
1 1.1 1.099 343.106 312.198
 
2 1.1 1.100 164.724 149.749
 
3 1.1 1.099 88.117 80.179
 

North Dakota
 
1 1.2 1.201 353.911 294.680
 
2 1.2 1.196 929.101 776.840
 
3 1.2 1.201 202.697 168.774
 

Colusa
 
1 1.2 1.204 216.007 179.408
 
2 1.2 1.200 540.590 450.492
 
3 1.2 1.202 508.588 423.118
 



Table 13. Continued
 

Ratio 
Field Desired 

jC/jF 

Yolo 
1 1.2 
2 1.2 
3 1.2 

San Joaquin 
1 1.2 
2 1.2 
3 1.2 

North Dakota 
1 1.3 
2 1.3 
3 1.3 

Colusa 
1 1.3 
2 1.3 
3 1.3 

Yolo 
1 1.3 
2 1.3 
3 1.3 

San Joaquin 
1 1.3 
2 1.3 
3 1.3 

North Dakota 
1 1.4 
2 1.4 
3 1.4 

Colusa 
1 1.4 
2 1.4 
3 1.4 

Yolo 
1 1.4 
2 1.4 
3 1.4 

San Joaquin 
1 1.4 
2 1.4 
3 1.4 

Ratio 

Calculated 


jC/jF 


1.204 

1.205 

1.200 


1.197 

1.200 

1.197 


1.300 

1.293 

1.303 


1.310 

1.301 

1.305 


1.311 

1.313 

1.302 


1.295 

1.301 

1.295 


1.405 

1.389 

1.406 


1.420 

1.402 

1.411 


1.421 

1.425 

1.405 


1.394 

1.404 

1.394 


Cuts 

Cubic Yard 

per acre 


417.632 

891.330 

817.999 


360.771 

172.361 

92.665 


368.948 

972.915 

211.032 


223.600 

537.742 

528.932 


432.534 

921.551 

852.371 


377.542 

179.492 

96.911 


383.734 

1017.023 

219.132 


230.931 

586.493 

548.369 


447.316 

950.814 

885.858 


393.784 

186.224 

100.921 


Fills
 
Cubic Yard
 
per acre
 

346.870
 
739.693
 
681.666
 

301.396
 
143.634
 
77.414
 

283.806
 
753.221
 
161.959
 

170.687
 
433.314
 
198.415
 

329.927
 
701.867
 
654.663
 

291.538
 
137.965
 
74.835
 

273.120
 
732.198
 
155.855
 

162.627
 
418.326
 
388.639
 

314.790
 
667.238
 
630.504
 

282.485
 
132.638
 
72.397
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advantages or disadvantages in relation to the Least Squares Method
 

are shown for the Average Slope, Double Centroid and Computer Minimized
 

Cost Methods. The Average Slope Method is obviously inferior as was
 

shown with the profile data. There is no general superiority of the
 

Double Centroid Method over the Least Squares Method or vice versa.
 

Which of the two methods produces the most economic design depends on
 

the specific field. However, all methods lead to designs with costs
 

that are equal to or greater than the Computer Minimized Cost Design.
 

Sin,e the Least Squares Method was used to calculate the original slope
 

in the Computer Minimized Cost Method, it is impossible for the Least
 

Squares Method to cost less. An increment of slope is changed only if
 

it gives a more economic design.
 

The average weighted percent savings per acre that would have
 

occurred for the 12 randomly selected fields if the Computer Minimized
 

Cost Method had been used for design in lieu of the Least Squares
 

Method is 3.29 percent. This would be equivalent to $745.00 for one­

quarter section of land, with land grading costs of $100.00 per acre.
 

For the use of the Double Centroid Method instead of the Least Squares
 

Method the loss would have been 4.66 percent. These average savings
 

become quite important for a large irrigation project. Also, if you
 

were the individual owner of a field such as Yolo No. 1, and could save
 

9.0 percent, the value of the Computer Minimized Cost Method thus
 

becomes apparent.
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Table 14. 	 Cost of moving soil in dollars per acre for indicated method of calculating slope and
 
ratio of cost of moving soil of Least Squ'es Method to indicated method for 12 sets
 
of field data*
 

Method
 
Field Least Squares Average Slope Double Centroid Computer Minimized Cost
 

$/acre $/acre Ratio S/acre Ratio S/acre Ratio
 

North Dakota
 
1 	 29.215 37.069 1.27 29.115 1.00 29.011 0.99
 
2 	 76.214 81.850 1.07 77.093 1.01 76.214 1.00
 
3 	 21.219 23.532 1.11 20.258 0.95 20.503 0.97
 

Colusa
 
1 	 16.405 18.811 1.15 17.312 1.06 16.329 1.00
 
2 	 45.325 49.489 1.09 45.663 1.00 44.960 0.99
 
3 44.452 47.888 1.08 44.207 0.99 43.860 0.99
 

Yolo
 
1 	 42.809 49.872 1.16 54.306 1.27 38.990 0.91
 
2 	 88.122 108.236 1.23 96.526 1.10 81.665 0.93 
3 	 81.180 88.520 1.09 79.136 0.97 77.828 0.96
 

San Joaquin
 
1 	 32.565 89.404 2.75 34.114 1.05 32.394 0.99
 
2 	 12.150 14.791 1.22 12.178 1.00 12.004 0.99
 
3 	 8.210 11.176 1.36 8.387 1.02 8.096 0.99
 

*Ratio desired of jC/jF was 1.1 for all sets of data.
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SUMMARY AND CONCLUSIONS
 

Two new methods, Double Centroid and Computer Minimized Cost, of
 

calculating slopes for land grading have been derived and compared
 

economically with existing methods, Average Slope and Least Squares.
 

An equation to estimate the increment to lower the grade line based
 

on the desired ratio of summation of cuts to summation of fills was
 

derived. This equation is required in the Computer Minimized Cost
 

Method.
 

No attempt has been made to cover the complete field of land
 

grading. Soil suitability, preparation of soil, limits of slopes,
 

types of earthmoving equipment, warped surface grading, etc., are
 

covered in many references.
 

Calculating Drop in Grade Line
 

The amount to lower the grade line to obtain the desired ratio of
 

cuts to fills need not be an exact value. The ratio is only an estimate
 

prior to lowering the grade line.
 

The three equations proposed (Paul, 1969; Hung, 1972; and equation
 

[118]) are all sufficiently accurate. Therefore, personal preference
 

should dictate the one to be used. However since equation [118] is in
 

general more accurate than the one previously published by Paul (1969)
 

and it doesn't require a trial of estimating the drop in the grade line
 

as proposed by Hung (1972), and a computer is not required, it should be
 

the most practical and widely accepted of the three.
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Double Centroid Method
 

The Double Centroid Method has been shown to be approximately equal
 

to the Least Squares Method. Both methods are of approximately the same
 

degree of difficulty to use. Since the Least Squares Method is an
 

established method, it must be recommended over the Double Centroid
 

Method when a desk calculator is available.
 

When the slope must be determined along a number of profiles in
 

warped surface methods such as the Cross-section Method (Marr, 1957) or
 

the Profile Method (SCS, 1961), the Double Centroid Method is
 

recommended. However, the graphical solution of the Double Centroid
 

Method (Paul, 1969) is recommended for speed and accuracy in lieu of
 

a desk calculator.
 

The Double Centroid Method is recommended for determining the
 

starting slope in the Computer Minimized Cost Method for an irregular
 

field. The Average Slope Method is very inaccurate and would increase
 

the computer time significantly. The Least Squares Method is not
 

readily adaptable to an irregular field.
 

Computer Minimized Cost
 

The Computer Minimized Cost Method is a superior method of
 

determining the slopes for land grading. The optimum economic slopes
 

are selected for the type of land grading equipment being used.
 

Equipment movement can be programmed in to match the field operation
 

of the individual contractor. Two programs of equipment movement
 

suggested would be (1) standard movement of equipment as used in this
 

dissertation and (2) movement in random directions to minimize average
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haul distances (Smerdon, 1966). If the equipment moves in the prescribed
 

direction, the only limit to the accuracy of selecting the most
 

economical slope is based on the accuracy of the load factor and thce
 

distance factor. It would be possible, although not practical, to
 

optimize the slope to the nearest one-thousanth of a percent.
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APPENDIX I
 

Computer Programs of the Least Squares, Average Slope
 

And Double Centroid Methods for a Profile
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C LEAST SQUARES METFCO FOR A PROFILE 
C ELEVATIJNS MUST FIE GREATER THAN ZERO AND LESS rHAll 1000 
C CUTS AND FILLS MUST BE LESS THAN 10 

C MAXIMUM SUm nF CUTS OR FILLS MUST BE LESS THAN 1001) FT 
C Jo Kt L ARE USED IN PLACE OF STATICKS ON THE X AXIS 

1 DIMENSION S(201, H(2C, CALHI(20D CUT(201O SrAt201 
2 INTEGFR St Fr Pe Xv STA 
3 RrAL LF 
4 WRITEI6,1031 
5 103 FORMAT(IHO,20XP@LEAST SQUARES FETl1CU FCQ A PRLFILE/< 

C F %NlUMHFR OF SETS CF DATA< 
6 RFAO(I,100) F 
7 100 F9QMAT(I4< 
8 WRITE(6,13l) F 
9 131 FORMATIIHOaINUMBER CF SETS OF DATAm,5XtI4< 

C DESCRIPTIUN OF VALUES PRINTED CUT 
10 WRITE(6, 4001 
11 400 F0RmATIHOaSTATION ?PER 100 FEET ON THE X AXIS<.i< 
12 WPITF(6, 4021 
13 402 FORMATIIHO@ELFVATIUNS ZMEASUPED IN THE FIELD IN FE1T<R< 
14 WRITE16, 401) 
15 401 FORMAT|IHO@CALH 9CALCULATED ELEVATIONS IN FEETI< 
16 WRITI6, 403) 
17 403 FOnpAT(lHO@CUT , FILLS XCUTS PCSITIVE IN FEET<a< 
18 W'ITE(6, 404) 
19 404 FURMATILHOaN TNUMBER OF STATIONS IN PRCFILE<o< 
20 WRITE6, 405) 
?1 405 FORMATIIHO@CEN ?ELEVATION OF THE CENTPCID IN FEET<,I< 
22 hRITE(6, 4061 
e3 406 FORMA7IIHO@SLlPE IFEET PER 100 FEET<R< 
24 WAITE16, 4071 
?5 407 FORMAT(IHO@CUTP TSUP OF CUTS IN FEET<@< 
26 WRITE(6, 4083 
2? 400 FORMAT(IHO@CUTN VSUP OF FILLS IN FEET<Z( 
28 WRITE(6t 4091 
29 409 FnRMAT(IHO@LF %LOAU FACTOR IN DOLLARS PER FUOT OF CUT<i< 
30 WRITEI6, 4103 
3L 410 F0RMATIHO@OF %DISTANCE FACTCR IN UCLLARS PER FOOT OF CUT PER 100 

IFEET MOVED<@< 
32 WPITE(6i 4113 
33 411 FORMAT(lHOCYPA ICUT IN CUBIC YARDS PER ACRE(< 
34 WRITF(6p 4121 
35 412 FORMATIIHO@TCMSPA TCTAL COST OF MOVING SOIL IN DOLLARS PER ACRE<@ 

l< 
36 WRITEIb, 4141 

37 414 FQRMATIIHO@Sn %STANDARD DEVIATION<a< 
38 WRITE(6t 4153 
39 415 FORMATI1HO@CCSO %CCRRELATICN COEFFICIENT SQUARED IN PERCENT<@< 
40 WRITEI(6 4131 
41 413 FORMATIIHOaTCMS %TOTAL COST CF MOVING SOIL IN DCLLARS<//////////< 

C GRANODADDY DO LOOP FOR SETS OF DATA 
42 00 270 M=10F 

C DESCRIPTION OF SET OF DATA 
43 RFAD(5,1131 (SIN), N = 1,2O 
44 L13 FORMAT(2OA4< 
45 WRITEI6,115 (SIN), N 1020 
46 115 FORMAT(ILH p20X2OA4/< 

C H TELEVATIONS AT STATIONS< 
41 READI5,1191 11h1.Is. .i= .?ni 
48 119 FnRMAT(2Or4,2< 

C N %NUMBER OF STATICNS IN PROFILE< 
49 N = 0 
50 DO 141 J=t20 
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51 IF (H(J) .LE. 0) GO TO 141
 
52 N = N+l
 
53 141 CONTINUE
 

C STA % THE NUMBER OF THE INDIVIGUAL STATION UN THE X AXIS(

54 CU 142 X =I,
 
55 STA(X) = X
 
56 142 CONTINUE
 
57 WRITE(6,112l ISTA(X), X=ItN)
 
58 112 FORMAT(IHOaSTATInN @,2016<
 

C H CELEVATIONS AT STATIONS IN FEET<
 
59 WRITE(6,I04) H(J), J=I,N)
 
60 104 FORMAT(IHOaELEVATICNS d,20F6.2<
 

C CFN ICENTROID<
 
C SUMH %SUM OF ELEVATIONS<
 
C SUMH2 %SUM OF ELEVATIONS SOLARED<
 

61 SlJMH 0
 
62 SUMH2 0
 
63 D 140 J=IPN
 
64 SUMH = SUMH + HIJI
 
65 SJMH2 = SUMH2+HIJI**2.0
 
66 140 CO1NTINUE
 
67 CEN = SUMH/N


C SLOPE %LEAST SQUARES METHOD IN FEET PER 100 FFEr<
 
C SUMS %SUM OF STATIONS(


68 SUMS = 0
 
69 DO 110 I=1,N
 
70 SUMS = SUMS + I
 
71 110 CONTINUE
 

C SUMSH %SUM OF STATICNS TIME ELEVATIONS<
 
72 SUMSH = 0
 
73 DO 130 J=IN
 
74 SUMSH = SUMSH + J*H(J)
 
75 130 CnNTINUE
 

C SUMS2 %SUM OF STATICKS SQUARED<
 
76 SUMS2 = 0
 
77 00 180 I=I,N
 
78 SIJMS2 = SUMS2 + I**2
 
79 180 CONTINUE
 
80 SLOPE = (SUMSH-ISUMS*SUMH|/N)/(SUMS2-(SUtMS*SUPSI/NI
 

C CCSQ %CURRELATION COEFFICIENT SQUARED IN PERCENT<
 
81 CCSQ :I((N*SUMSH-SUMS*SUMHI/ISQRTI(NSUS2-SUMS**2)*IN*SUMH2-SUMH*
 

1*21II*1*2O*100.
 
C CALH %CALCULATED ELEVATIONS IN FEET<
 

82 14 IF(MOO(NP22.NE.0 GO TO 16
 
C CALCULAED ELEVATIONS EVEN NO. STATIONS
 
C BEGITBEGINING ELEVATION OF LINE ISTATION l<
 

83 BEGI = CEN -SLOPE/2 - IN/2)*SLOPE 
84 DO 151 K=1lN 
85 CALH(K) = BEGI + SLCPE*K 
86 151 CONTINUE
 
87 GO TO 18
 

C CALCULATED ELEVATIONS ODD NO STATIONS
 
C BEGIZBEGINING ELEVATION OF LINE ISTATION l<
 

88 16 BEGI = CEN - ((N+II/2I*SLOPE
 
89 DO 150 K=1,N
 
90 CALHIK = BEGI + SLCPE*K
 
91 150 CONTINUE
 
92 18 CONTINUE
 
93 WRITE(6,1181 (CALHIK), K=INl
 
94 118 FORMATI1HOaCALH @920F6*2<
 

C CUTS %POSITIVE< FILLS %NEGATIVE<
 
95 DO 160 L=,N

96 J=L
 
97 K=L
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48 CUT(L) = HIJI - CALI-IKI 
'9 160 CONTINUE 
100 WRITEI6PI221 (CUTILIP L=1tN) 
101 -122 FORMATI1HO.CUTS , FILLSa,2OF6.3t/< 

C SO %STANOARD DEVIATION< 
C SUMC2 TSUM fIF CUTS AND FILLS SCUAREO<
 

102 SUMC2 = 0
 
103 00 190 L=IN
 
104 SUMC2 = SUMC2 + (CLT(LII**2
 
105 190 CONTINUE
 
106 SD = SORTiSUMC2/ NI
 

C CUTP %SUM OF THE CUTS IN FEET<
 
C CUTN TSUM OF THE FILLS IN FEET<
 

107 CUTP = 0
 
108 CUTN = 0
 
109 OV 170 L=IN
 
1HO IFICUT(L) .GT. 0) GC TO 10
 
ill CUTN = CUTN + CUTIL)
 
112 GO TO 170
 
113 10 CUTP = CUTP +CUT(L)
 
114 170 CONTINUE
 

C CYPA %SUM OF CUTS IN CUBIC YARDS PER ACRE<
 
115 CYPA = (ICUTP*10000.OI/27.0)/I(10000.C*NI/435LO.0O
 

C LF %LOAD FACTOR IN CCLLARS PER FOUT CF CUT<
 
C OF TDISTAPICE FACTGR IN DOLLARS PER FOOT OF CUT PER 100 FEET MOVED<
 

116 REAn(5,129) LF, OF
 
117 129 FORMATf2FIO.3<
 

C TCMS TTOTAL COST CF MOVING SOIL IN OCLLARS<
 
118 TCMS = 0
 
119 00 250 L=ltN
 
120 IF (CUTILI .LF. 01 GO TO 250
 

C CUTMZCUTS TO BE MCVED<
 
121 CUTM = CUTIL)
 
122 00 261 P=I,N
 
123 IF (CUT(P) .GE. 0.01 GO TO 261
 

C 0IFF ITHE DIFFERENCE BETWEEN THE CUT TO BE MOVED AND THE FILL LOCATED<
 
124 CIFF = CUTIPI+CUTm
 
125 IFIDIFF .LE. 0 GC TO 46
 

C CUTAM %CUT ACTUALLY MCVED<
 
126 CUTAM = ABSICUTIP))
 

C CMS %COST OF MOVING INDIVIGUAL PIECES CF SOIL IN DOLLARS<
 
127 CMS = CUTAM*LF + (IABS(P-L)I*DF*CUTAM
 
1?8 CUTIP) = 0
 
129 CUTM = DIFF
 
130 TOMS = TOMS + CMS
 
131 261 CONTINUF
 
132 GO TO 250
 
133 46 CUTAM = CUTM
 
134 CMS = CUTAM*LF + IIABS(P-LIl*DF*CUrAM
 
135 CUTiP) = 0IFF
 
136 CUTIL) = 0
 
138 250 CONTINUE
 

C TCMSPA ?TOTAL COST CF MOVING SOIL PER ACRE<
 
139 TCMSPA = TCMS/I(10000.O*NI/43560.0)
 
140 WRITEI6, 1021
 
141 102 FORMAT(IHO@ N CEN SLOPE CUTP CUTN
 

I LF OF CYPA TCMSPA TCMS so CCSa
 
1a< 

142 WRITF(6, 1011 No CEN, SLOPE, CUTP, CUTN, LF, DF, CYPA, TCMSPA, TCM
 
IS, So, CCSQ
 

143 101 FORMATIIXIIIOIIFIO,3////II<
 
144 270 CONTINUE
 
145 RETURN
 
146 END
 

http:ICUTP*10000.OI/27.0)/I(10000.C*NI/435LO.0O
http:FILLSa,2OF6.3t
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? t-ITEC,[P S, F, 0, x, n, SrA
 
I 'FAI LF
 
4 '4 TFff ,1011
 

I n rn 4ArIIHO2ny, ,AV..AGE SLnPF MEIT--) rno 
A P rFIIrlie
 

C SL"'r 'AVFRAGr SLOPE METHfD IN FEET P~r 100 FFET(

C SII4SL "Sill' IF SLOPES 4ETWEEN STATI.NS<
 
C 'ISL'I TNtIM!IEP .?F SLCPFS<
 

1.2 	 SUMSL 0
 
3 'JSL., = 0
 

',4 00 IBC I = 2,N
 
fF') z 
 J-1
 
fh ';UuSL z SfI"SL * (HIJ|-HIpl3
 

SNSL ' = ISL0 + I
 

1 9 SLfPF SIJMSL/NSLJ 

2 INTEGEO S, A, S, C, 0, E, F, P, X STA
 
3 PEAL LF, LHH, LHHHCN4
 
4 vRITEIh, 1031
 
5 101 F(lPMATjIH02OXp7OOUHLE CENTROII) METHOD FCQ 
A PR,'FILF.f/<
 

C SL3P0- g')f'IBLE CFNTP(In METHOD IN FEET PER IJO FEEI< 
c.2 II( 4GI)I'I,I.NE.n GC TO 12 

C SLOPf" WII'l EVFN NUmbIrR OF STATIONS 
C PIH ?S'14 OF F IRST HALF OF ELEVATIONS< 

1.1 FH = 0 
1.4 A = N12 
IS rnl 180 J=I,A 
1) FIH = FHH + 14(J) 

t,7 IdO C,'.N rINUF 
C Lu1 ',SUM ()F LAST HALF OF ELFVATIONS< 

68 lIIH = 0 
1,9 B z N/2+1 
In 01 iqO J=tIN 
71 LH'4 LHH + HIJ) 
12 190 CfNT INUF
 
13 SLOPF = (LHH-F'HI4.00/N**2
 
"4 GI) Tn 14 

C SlOPE WITH '100 NUMIIER OF STATIONS
 
C HC14 I'NF HALF OF THE CENTER ELFVATIJN<
 

15 12 C = I+I /? 
r6 HCH = HICI/2 
1? F'HH= 0 
18 ) = (N+1 )12-1 
rq O,0 210 J=:,D 
80 FH = FHH + HIJ) 
at 210 C )NT INtE 

C FIHliuc ,FIRST HALF OF ELEVATIONS PLUS CNE-HALF OF .F'4TFP ELEVATIUN< 
02 FoIHI = FHH + HC 
83 LHH = 0 
14t E = (1+1112+1
035 on 220 J=E#N 
h6 L1N = LIIH + HIJI 
'4? 220 C"NI IIfJUE 

C LIIHIICII 'LAST HALF OF ELEVATIONS PLUS GNE-HALF (IF CENTEP ILFVATION< 
88 LHHIICH LHH + HCH 
89 SIOPE = IILHHIHCH-FHHHCHI/IN2.00/(I(N**.00-I.oOIIz.O0*NI I 

http:STATI.NS
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APPENDIX II
 

Computer Program of the Computer Minimized
 

Cost Method for a Profile
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C CIMPUTER 4INIMIZED COST METHOD FOR A PRCFILE 
C ELFVATI INS MUST BE GREATER THAN ZERO ANI) LESS THAN 1000 
C CIJs AND FILLS MUST BE LESS THAN 10 
C MAXIMUM SUM OF CUTS OR FILLS 4LST BE LESS THAN 1000 FT
 
C J, K, L ARE USED IN PLACE OF STATICNS O. THE X AXIS
 

I DIMENSION SI2OI, FI203 STA(2U1p CALE(201, CUF20I
 

I INTEGER S, F, Po X, STA, Q
 
3 REAL LD
 
4 I0TFI16,1031
 
c; 103 FrkMATf1HO,2OX @COMPUTER MINIMIZED COST METHUI1 FO(R A PRCf ILEJ/<
 

C F T.NIJMBER OF SETS OF OATA< 
6 PFAI)(9,1OI F
 

7 100 FRnMAT( 14<
 
a WRITEI6,131I F
 
9 131 Fl4fAYAT(IHO'NUMBlI:R CF SETS OF r)ATA@PSXI4<
 

C OtSCRIPTION OF VALUES PRINTED CUT
 

I0 WOITE(6, 4001
 
11 40) FrIIAT(IH0@STA7IQjN ?PER 100 FEET GN THE X AXISel(
 

I WIT16, 402)
 
13 412 FORMATIHOaELEVATICKS WMFASUREI) IN THE FIELD IH FFET<d<
 

14 wRITC16F 4011
 
Il 4J1 F)RMAT(1Ha!CALE %CALCULATFD ELEVATIONS IN FEEI<<
 

l6 wPirEI6, 403)
 
I? 401 F"II'AT(IlHOCUF KCbTS POSITIVE AND FILLS NEGATIVE IN FET<g<
 
18 WLITE(6, 404)
 

.9 404 FOR4AT( IfO;Q ?NUMBFR OF STATIONS IN PROFILE<@<
 
?c0 WQITUI6, 4051
 
'1 49J5 FIRMATI1HO;CEM ?ELEVATION OF THE CENTROIC IN FFET<@(
 
12 wrITEIo, 4061
 
'3 406 F)c'AT(HO@SLOPE %FEET PEP Io0 FEET<a<
 

SlWRITEIA, 407)
 

2% 40? F)RUATIHOICUTM .SUY OF CUTS IN PEET<a<
 
'6 41ITF(6, 4083 
?I 40O FI.RmATlIH0@FILL ISUM OF FILLS IN FECT<R( 
-)d wPlTr 16, 4091 
z4 409 FJPMATI IIJ@LD fLOAD rACTOR IN DCLLARS PER FOO ,IF CUT(< 
30 hOlTfl6, 410I 
11 410 FJRvATIH0Io@ %DISTANCE FACTOR IN UGLLAPS PER fJOT LF CUT PER 100 

IFEET MOVEU<@<
 
12 W ITFI6l 4111
 
3' 411 FI14ATIIH0)¢CYPA TCUT IN CUBIC YARDS PER ACRE(<
 
14 WRITE(6, 4121
 
Th 41? FPP4ATI1HOTTCMSPA %TOTAL COST OF MOVING SOIL It! DOLLARS PER A(.RE<@
 

1< 
16 WRITE(61 4131
 

17 411 FCRMATIIH,)ZTCMS TTCTAL COST OF MOVING SOIL IN 1lOLLARS<?/////////I/
 

r GOAICOADDY 00 LOOP FOR SETS OF DATA
 
DO 210 lI=rF
 

C DESCRIPTION OF SET CF DATA
 
39 READ(5,1131 ISIKN) N 19201
 
41 Ili FJRMATI 20A4< 
41 wRITE(f,,I15l (SIN), N 1,2O
 
42 115 FIF4AT( 1t ,20X2OA4/<
 

C E 7FLEVATIONS AT STATIONS<
 
43 qEAI)I5,tllg (EIJI, J=l,201
 
44 11q FORMATI2OF4.2<
 

C 0 7,1tMBER OF STATICNS IN PROFILE<
 
45 Q = 0 
46 Ol 141 J=1920 
41 IF IFIJI .LE. 01 GO TO 141 
40 qQ 0+1
 
49 141 C')NTINIJF
 

C STA ? THE NUMBER OF THE INDIVIGUAL STATICN UN THE X AXIS(
 
DO 142 X = 1,0 

51 STAIXI z X 

"2 142 CONTINUE 
c;3 WRITEI6tli2l ISTAI(X| X2Io0l
 

54 112 FORMAT(IHOaSTATION at2016<
 

C F WFLEVATIONS AT STATIONS IN FEET<
 
Ss WPITE16,I041 IEIJI, Jil,01
 
5b 104 FuRMAT(LHOaELF-VATICNS @o2OF6.2<
 

C CEM ICENTROID<
 
C SUMH fSfJM OF ELEVATIONS< 

51 SUMFI w 0 
%J Pi 140 J=IoQ 

mailto:FI.RmATlIH0@FILL
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SUM4 - SUMH # EI J)
 
60 140 CrlNT INUJr
 
61 Ch4 a SU'4I/0
 

C SLOPE rLEASr SQUARES MET4rl0 
IN FEET P-A LOO FELI<
 
C SJ'4S 'SU4 OF STATIONS<
 

62 S1U14S= 0
 
h3 no 110l-.0
 
b4 SUMS z SUMS + I
 
(.5 110 C'litINUE
 

C SU'SH 9SUM .irSTATIONS TIME ELEVATIUNS(
 
(6 SUMSH z 0

1.7 CO 130 J=It
 
611 SUMSH = SUMSH + J*EIJI
 
69 130 CONT INUE
 

C SUMS2 ,SIJM JF STATICKS SQUAREU<

70 SIJMS2 = 0
 
11 01) 180 1=1.0
 
7? SUMS? - SUMS2 # I*2
 
I, 1O0 CONI INUF
 -74 IJ . * SSLOI'F = ISUmS!H (SIJPS*S MH2/QI/(SUMS 2 ISUPS JMSII) 

C LD "LPAO FACTOR IN fCLLARS PER FOuT OF CUT<
 
c no f')IStAP1Ci rACTCR IN DOLLARS PEK FOOT OF CUT DEH 100 FEFT .0VED< 

15 REALLl5,291 LO, or 
76 129 rIPATIZFIO.3<
 

C TCMS flOTAI COST CF MOVING SOIL 114 OCLLARS - LEAST SQUAOES mETHOD<
 
71 SLOnEI - SLIPE 
78 CALL CUI ICCM4 FtSLOPCNoloCALE,CUF @CUTMpFILL pCYPA)

7) CALL SDTCwSIOLOf0L1TClSNpCUFI


C TCMS II'LTAL COST OF MOVING SOIL IN DOLLARS CO'PUTEI MINIMIE'I COST 'ETHUO<C SLOPE *SLrJPr IN FFET PEA 100 FEET COMPUTER MIt.l&llED CCST uLrHOO<C ICMSP rPPEVI0!JS T') AL CPST CF MOVING SCIL IN LOLLARS< 
C TCMSN V'JEW TOTAL CCST OF MOVING SulL IN OCLLAPS<
 
C SLnPEP TPPFVIOUS SLiPE IN FEET PEP. 100 FEET(
 
C SLOPF.1: TNEW SLOPE IN FELT PER 100 FEET<
 

80 
 SLOPE = SLOPEN 
It TcMS- TCMSI!
 
97 SLOIDEJ = SLJPF
4 4, O.C1
 
d3 CALl CU1M L' 1E FSLOPENt'JPCALE iCUFtCUTIMF ILLCYPAI
 
114 CALL SPTCMSfQvLO0o, TC4SNsCUF I
 
R5 IFilCMS1 *GT. TC4SI 
GO TO 17
 
of) A -0.01
 
81 GO TC IJ
 
60 17 A -0.01
 
F. I, TCMSN = TCMS
 
'O 00 1O 1=1.20
 
C)1 7C0P * TCSSN
 
,)2 ,LVPEN SLUPE+I*A
 
91 SLOPlP= SL')PEN-A

qv4 CAIL CIIICFEESLCPFNtQCALEeCUFCUTMFILLCYPAI
 
C)5 
 CALL. SPTCMSI QLO VODTCMSN PCUFI
 
96 IF(TCIS!4 .GT. TCMSP) GO TO 19
 
qr lqO CgN I IN tll
 

C NEEI TO GO TO THE SLniROUTINE THE SECCND TIME TO CALCULATE THE TCMS FOR

C SLOPEP WHICH GIVES 
IFE MINIMUM COST<
 

90 19 SLrJOPEN = SLIPEP
 
99 CALL CUL (CEME,SLCPEN,QtCALE,CUF vCUTMpF ILL CYPAI
 
100 CALL SP TCMSI QPLOD0npTCMSN ICUF I 

C NEED TO CLL CtIL AGAIN FOR PRINT OUT BECAUSE TFE CUTS ARE CHANGED IN SPTCHS
101 CALL CiiiICEM,E,SLOPEN,QCALE CUFCUTMFILLCYPAI
 
107 
 TCMS =TC4SN 
103 SLOPE = SLIPEN 

C TCMSPA 'I](ITAL COST CF MOVING SOIL PER ACRE<
 
1n4 TCMSPA = TCMS/(I1000,.OSQ/43560.O;
 
105 WRITE16,118L ICALE(KIv K*I#Q|

106 118 FURMATIIHOCALE 
 *)v20F6.2<

107 WRITF6,,1221 (CUFILIv L|=IM
 
to 122 FOPMATIIHO;CU 
 @t20F6.3,/<
 
109 WRITE16t 102)
110 10? FL0RMATI 1HO@ 
 0 CEM SLOPE CUTM F ILL 

I to DO CYPA TCMSPA TCMSia/<
III WRITEI6i 1011 0 
 CEN, SLOPE, CUTM, FILL, LD 00e CYPAP TLVSPAP TC
 

IMS
 
112 101 FORMATIIXIIIO[gFLO.3,,111,<
 

113 7r0 CONTINUE 
114 RETIIRN 
Its END
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116 SUBFOUTINE CU1(CENP tSLOPrN,CALHCUTtCUTPCUlfLYPA1 I
 
117 ,IMIrNSItN H(20)t CALHI2OI, CUT(20)


C CALH PCALCOLATr) ELEVATIONS IN FEET<
 
118 14 IF(PO~fJlt2?).N[.O, GC TO 16
 

C CALCULAEO ELEVATIONS EVEN NO. STATIUNS
 
C BEGI-rWGIrIING ELEVATION OF LINF 'STAllOK 
 1< 

119 RrF.G = CEN -SLOPF/2 - IN/2I*SLCPE
 
120 Cr) 151 K=1,N
 
121 CALI'IIK) a RGI + SLCP.*K
 
122 151 CnNT INUr
 
123 10 TC in
 

r CALCULATEO ELEVATIONS UDD NO STATIONS
 
C REGII*llEIr1I'G ELEVATI N OF LINF 7STAT1IL, I<
 

124 16 IPEGI = fl- IIN+LI/2I*SLOPE
 
125 DO 150 K=IN
 
IZ6 CALIK) = FGI + SLCPE*K
 
127 150 CONT INUE
 
120 1s CUNT I A'FJE
 

C CUTS ?P'SITIVE( FILLS INEGATIVE<
 
129 Cr) 160 LclofI 
130 J=L
 
131 K:L
 
132 CUTILI = HIJI - CALH(K)
 
133 160 CONTINUE
 

C CTP FSJM OF THE CUTS IN FEET< 
C CUITJ "SOM OF THE FILLS IN FEET<
 

134 CUTP = 0
 
135 CtITN = 0
 
136 C11 170 LmI N
 
141 IFIUTIL) .GT. 0) GL TO 10
 
1-Aii CIITN = rurt, + CUTILI 
l,49 GO 10 110
 
140 10 CdrP = CJTP +CUT(LI
 
141 170 CUNT I'UE
 

C CYPAI YSU'4 or curs I CUBIC YAPOS PER ACRC<
 
14? CYPAI= ICurP*ioooOOOI27,/(O110000.O*N)/4


3 5 6 0 ,OI
 
143 PETURN
 
L44 ENI) 

145 SUBAOUT INr SPTCMS(NLFoOF iTCMS@CUT)
 
146 INTEGEk P
 
147 REAL LF
 
148 DIMENSION CUTI20
 

C TCMS or(ITAL CUST CF mOVING SOIL IN DOCLLARS<
 
149 TCMS z 0
 
150 Cl 250 L=I,N
 
151 IF (CUTILI .LE. 0) GC TO 250
 

C CUTMICUTS TJ BE MOVED<
 
152 CIJTM = CUTILI
 
153 O) 261 P=10N
 
154 IF (CUT(PI .GE. 0.01 GO TO 261
 

C DIFF TrHE DIFFERENCE BETWEEN THE 
CUT TC BE MOVED AND THE FILL LOCATED< 
155 0IFF = CUT(PI.CUTM 
156 IFIDIFF .LE. O GC TO 46 

C CUTAM %CUT ACTUALLY MOVED< 
157 CUTAm = AHS(CUTIPI)

C CMS ICOST OF MOVING INDIVIGUAL PIECES CF SOIL IN DOLLARS( 
158 CMS = CUTAM*LF + IIABS(P-L)I*DF*CUTAM 
159 CIJTIPI = 0 
160 CUTO = OIFF 
161 TCMS = TCMS + CMS 
162 261 CLINT INUE 
163 G6 TO 250 
164 46 .tJTAP = CUT4 
165 CMS z CUTAMOLF + (IABSIP-L)I*DF*CUTAM 
166 CUTIPl = 0IFF 
167 CUT(LI z 0 
168 TCIAS = TCMS + CPS 
169 250 CONTINUE 
170 REruqt 
171 END 



C:vUTER MINIVIZED C2ST METHD F7k A PJiFLF 

4UMeER OF SETS CF DATA 1 

STATION TOED 100 FEET 3N THE X AXIS< 

ELEVATIONS %MEASURED IN THE FIELD IN FEET< 

CALE 4CALCULATED ELEVATIONS IN FEE7< 

CUF TCUTS P3SITIVE AND FILLS NEGATIVE IN FEET< 

3 TNUMRER OF STATIONS IN PROFILE< 

CEM %ELEVATIONl OF THE CENTROID IN FEET< 

SLCPE !FEET PER 100 FEET< 

CUTM %SUM OF CUTS IN FEET< 

FILL %SUM CF FILLS IN FEET< 

to %LOAD FACTOP Itl DGLLAQS PER FCCT OF CUT< 

00 %DISTANCE FACTOR IN DOLLARS PER FCCT OF CUT PER 100 FEET POVFD< 

CYPA %CUT IN CUBIC YARDS PER ACRE< 

TCvSPA TTOTAL CCST CF MOVINIG SCIL IN DOLLAPS PER ACRE< 

TCMS TTOTAL COST OF MOVING SOIL IN DOLLAPS< 

CSC 260 CFGREES 

STATIOJ 1 3 4 5 6 7 a 9 10 11 12 13 

ELEVATIONS 11.47 3.d6 2.37 1.74 1.41 1.22 1.10 1.03 1.00 1.0O 1.03 1.10 1.22 

CALE 4.20 3.98 3.56 3.24 2.91 2.59 2.27 1.95 1.63 1.31 0.99 O.7 0.35 

CUF 7.271-O.01-L.ld7-1.456-1.505-1.374-1.173-C.922-0.631-0.310 0.041 0.432 0.813 

Q CFM SLOPE CUTM FILL LD DC CYPA TC'SPA TCMS 

13 2.273 -0.321 8.616 -0.616 2C.797 3.154 log.2dO WT.452 290.330 
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APPENDIX III
 

Data for Simulation of Le Tourneau
 

Earthmoving Equipment Operation
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SIMULATION OF EARTHMOVING EQUIPMENT OPERATION
 
HAUL NUMBER 001 

MODEL ##F TRACTOR-ELEV. SCR. 

ENGINE GM 12V-71N HORSEPOWER 475 
TRANSMISSION ALLISON VCLBT-5965 FINAL REDUCTION 25.09 
TIRES 33.5-33, 38 PR ROLLING RADIUS 3.691 FEET 

TRANS VEL TIME DIST PER CENT PER CENT GRADE SPEED WEIGHT 
RATIO MPH MIN FEET GRADE ROL RES LENGTH LIMIT LBS 

0.00 8.00 1200.0 25.00 173000 
2.01 7.05 1.716 1194.8 
2.01 5.00 1.725 1200.0 

HAUL TIME = 1.725 MINUTES 

0.00 8.00 1200.0 25.00 95500
 
1.32 15.20 0.941 1153.0
 
1.35 	 1.50 1.005 1200.0
 

RETURN TIME = 1.005 MINUTES
 

LOAD TIME 1.000 MINUTES
 
HAUL TIME 1.725 MINUTES
 
SPREAD TIME 0.500 MINUTES
 
RETURN TIME 1.005 MINUTES
 
SPOT TIME 0.000 MINUTES
 
TOTAL CYCLE TIME 4.231 MINUTES
 
TRIPS PER 50.0 MIN. HR. 11.817 TRIPS
 
AVG. SPEED (50.0 MIN. HR.) 5.371 MPH
 
PAYLOAD PER TRIP 25.0 CUBIC YARDS
 
PROD. PER 50.0 MIN. HR. 295.4 CUBIC YARDS
 
FUEL PER 50.0 MIN. HR. 18.80 U.S. GAL.
 

TIRE CALCULATIONS
 

LOADED FRONT TIRE LOAD 123.39 PCT. OF 30 MPH RATING 
LOADED REAR TIRE LOAD 119.51 PCT. OF 30 MPH RATING 
AVERAGE FRONT TIRE LOAD 18.26 SHORT TONS 
AVERAGE REAR TIRE LOAD 15.29 SHORT TONS 

FRONT TIRE TMPH 91.9
 
REAR TIRE TMPH 77.0
 
ESTIMATED TIRE LIFE 5297.0 HOURS
 

COST CALCUT.PtT3NS
 

TOTAL HOURLY OWNERSHIP COSTS $15.27
 

HOURLY OPERATING COSTS
 

FUEL AT 16.0 CENTS PER GALLON $ 3.00 
PREVENTATIVE MAINTENANCE, LUBE. 0.68 
MAINTENANCE AND REPAIR 10.59 
TIRES 	 2.24 
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OPERATOR $ 7.20 
TOTAL HOURLY OPERATING COSTS 23.73 

TOTAL HOURLY 0 AND 0 COSTS $39.00 

COST PER UNIT OF PRODUCTION (CENTS) 13.20
 

NOTES
 

ALL TIRE LOAD RATINGS ARE BASED ON 45 PSI INFLATION PRESSURE

ALL TIRE TMPH CALCULATIONS ARE BASED ON 7.50 WORKING HOURS PER
 
8.0 HOUR SHIFT.
 



134 

APPENDIX IV
 

Computer Programs of the Computer Minimized Cost,
 

Double Centroid, Least Squares and
 

Average Slope Methods for a Plane
 



135 

I* r r''nUTFD MPINIm 17 Fn C0sT MET1(in FOR A PLANE IRECTAN(Li ONLY) 
r 


rn rITS ANO F ILLS M IST RF LE'% IlAN IL) 

r ffl rV At InNS mIJST IIF IPiF AT P T HA N ZERO AND Lrs% THAN 1111)
 
is 0AWTI MU SUM or ['tITS OP F ILLS "US; IF LESS THAN ||'eroirT
 
.0 r x Iyre. IS I lr
 

r.# r Al.t rUTS Stil Or FILLS ETC. ARE IN FF T
 
7 r PA7A IS IN FFFI EXCFPT FOR Clhi(" YARDS
 
qe DIM NSION H 121'9 21Ill CALH 12n. ?Uls CUT I?n, 211), S 170l)
 

146 TNTrG,:P X, Y. F
 
Irl r L F
 n 	 A 

II" WPITEIO,1I)
 
1 a I)l r.P-ATIIHUs .OnrNITFO MINIMI'r, COST METHOn rop a PLANr'I
 
13 in r(IFTS OF DATAI
 

Ids* rF i:)1Iis11121 F
 
I c 11 Fr ( 5A111 2 F
 

r0. WPITE(FtO Il
 
I1. I?) FOn'AT IHL)'SfT 

€, 
OF nA A')
 

Jae WIZIT IF,1071 F
 

Ind r (P AjnI1AIll1Y n ( LOO FOR SETc Or DATA 
7n nn ,qU j : 1. F
 
,) r prRIPT ION tF ST OF nATA
 

274 ran1PF*" Il T 1.211
5. 11 II(ll. 

* I Ql FFrPvAT(?UAI.)
 

7U wO ITT[ F.,I I1I 1 I Io * 7,l l
 

2, I Ur 	 FO0 AT I I HI, IX ,A4/ I 
,


7r, r H IFLEVATJI'N AT ,Tas(ES)
 
f7o4 F a'IS . II) (1141 X.Y I , : I.?Ihs Y : I.70
 
700 11Or FnOmArI ILF.1
 
n
 
.7 2 i NY (NUMnfq OF I FVAT IONS IN Y OTRrCT IONI
 
Ills NY : I1
 

. A(1 21 J : Is I
 

D' ?U1 : I- ?'I
 
aX* IF ('417, V I GT. n) GO TO 60
 
l*r0 'o 2 i1
 
0 ,11 CnNT INilt
 

70$ NY = NY
 

.'* 701 roIr tIrl
 
1'le 20(0 I.
noJ 11NUF
 

, r NX (NIMnEo OF FLEVATIONS IN X DIRFCT IONI
 

41. 	 p Iq) Y : Is 1 
I" 	 DO 1q X : I, 21
 

IF (H IX, Y) .rT. 0. n) 0 TO rI
 
G0 TO 191
 

IJr. r1I nNTINUF 

4; h14X : N'X +1 

47a 1 qI 	 Co'T I'IUF 
* ifl CONT INUE 

4* WPTTE,,IUR)
 
r.* 1[in FrPuATIIHIITrLrVATIONS AT STAKFS')
 

5I*100 I ?r Y =I NY 
S2* WRITEIGvLO 1 llX ,YIt X : 1oNX) 

, 103 rOnQ'AT I IX2IIFr,.21
 
" 120 CONTINUE
 
S9 r NI IJMIM'R OF EL EVATIONS IN ARI1AY) 
r50 0 N r NX * NY 
7. r (FIFVATION Of TolH CFNTROIDI 

SH.* SllUH (Slit OF ELEVATIONS$ 
Rqo SUM14 = 11 

A-ll$ (in 1OU x : I. Nx 

f 1DOn 11 Y : i, NY 
F2. SUM'4 : SUMH HIX. Y) 

f6' 16 CONT INUE
 
Al" GU CONTINUE
 
AS . CF N = UMH/N 
,0 F LF ( LOAD FAIOR IN nOLLARS PF- FOOT or CUT HASED ON PANK YAQnvS,) 
07* r OF (DISTANCF FAinTOR IN POLLARq PER FOOT OF CUT PER 1)10 FEt MOVEn 
q*0 r RAI.FD ON RANK fARDrs 

r0n, r illIRATIO OF COTS TO FILL DESTRED 
7n OEan ,10'il I. DF. RO 
71 * IFAl Fn 4 AT I FiJ. 31 
77, C COMOUTEP MINIM IZED COST MEIN o FOR A PLANF 
71. r OFTrPmIN r STARTING SLOPF WITH THE LEAST SOUARES METH1D 

http:IX2IIFr,.21
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74. - LIPtr IN v nIRFCTION1n I SLOP 

7,9 F SHY (SIM or I Hr PARnUCt OF Ti" ELrVATION TIMES TIF V COOROIT'ATrI

?r,, %,"x: U 
77. r %Ic ISlim or I %nuarlj
7qe0X sy4 

71, F %x I,SUM OF xT
 
on. -;I fln
 
Its no I TU V : t.Nx
 
Ale 00 171 V : I,NY
 
at.e SH It ( HXi 'IX. YI*v
 
044 yI
 
RA. STIt t
 

1; ?I Cow INUr
 

oc. r "I "'rv ILCfl IN Y flR r IN I
 
n Hv (SU~MOf PROI'IICT OF THE FLFVATI 04 TNrS THE Y COO.BOINATI
 

914 %14,V - it
 
III. r 5v -(51gM) or y %SjUARFDI 

BE. YS IMOF1
 
1119 F SY (UM F
 

'IF.. nO (,tn :I .Nv 
s Of? 1810 18,V: I.N
 

'R SH SHYOHIT.
%4 YI.V 
6 SYS : SYo
 

inns 7 SyT, - |yy
Iin* COW I~l/W orIIII* y 'NIUARFO N¥I t CnOl,INUF
 
I'll.. I81ncn-itINUF
 
IfE ("LI [I I S*4Yt- FNFrNItNY #IIOfl il /ISYS- T.*.iINI
 
111 C FALFILATr TFS 1IIN', SLOPES FLCIILATEO AT 
 LrFS ;ouAqrS MEIrCI 
Inq* C11,. orDrR'IMIPrAp UITN @N T SO TLAT FAN IF CALULATn RASFP ON RDI~ 1 : cTOP iN I UT IAOL 
I I* fit :AP81 lt II Ifit AIL : i
 
In,. CAll CF(rCrN.H.-SLnPFT.SLOP[ NX.Nl.cijtp.riJTN.rUtA.rALM.CUT.rDAnL,
 

1lq119I nls GPAnLamouNTIf A'nrr .~ L IN I % LOwFrCTf 10 TNCITLASIq XCOr IIu RATIO or CIlTK In! FILE%) 

III- r nrirRmIN IlTS ANr ILLS ArTIR LowrpIN, GRADE LINF
 
1I'7 FALI, CNFicrN.HSLOPrX.SLOPr.N X.NY .CUTP. FUTN. CUYPA. 
FAL H. CU1. 60 III.. 

1 1* r PF I PAI, OF CtJfS TO FILLen ATA[NEi 

1IF.* F9-
 TC5r T 
 O V
 

%I'Llq. C TF I SL rI r pi x [L OF p C LE T R Lf S THOPII77 I TF SLS F 

1IP9 F TC' umosURFrcrlL t TOTAL or MOVINI! SOIL ICALCULATED COST 
)
I 7c. r TrFL% YTES AJTN LEAST SOUArS SLOPE 

I I6;. % n10 ' ;Ln ry 

1 *. r SLIltnr SLOALCS 1.01O 
I'. F EFTFIiMINF FUIN ANn CUTP SO 
THAT FIRALL CAN BE CALULATE SaOL ON RD 

11. An L: I ;
 
I1It* CALt. CNF (crN HA LO rX .SLOP EY INX. NY .CUT P.CUTIN. cIJPA. rAL H cuT. RAntL.
 

III. C CaL I AMOUNT r o r LINE IS LowFQ[0 TO iNErkAS RATIO OF CUT% 1O FILL% I 
III e GP Ln[ (I .UO#)DI (/I 2.oo*( N I-(RALS,
1410 t~ OCUTP 

IIs r TitI 914INF F ILLS PFT1 
tcLn - i p~ IN I I 

CUITS AND A L OWFR ING GRAr L I NE 
1 41; CALL CNF icrN.,LOPrX.SLOPEtYNx, NY.EuTP.FUTN.CUPAFAL.CU.GoAnL.
 
1111 ICKS
 

C PCIRATI10C OBT AINFOIIR FA i or cus TO F ILLS 
I Ia. PC:A115FutP/FrUTqi 
1Wn- Tr' (TOTAL COST OF MOVING SOTIL IN DOLLARS
1411 F x('ISED T SF1 rODUAL 10 IF FORE ENTERING THE SUAPROCOAM SPTfDS 
147s. K 3 

111110 tALt SPTCmS(NNv.Lr.Dr.Cm,, 911 CUT .RCI
11.0 IFITCI% UGT.TrmLI GO TO I? U 


14$7. (I .fl
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1 7. 

I 4 

1 49as18 
Isn. 

I1l. 

I ). 

1 9;%6ISo. 
Ir5.


I . 

SS7. 


IcripCAlL 
Isq*

IAll* 

I1st 

I A?* 
1 , * 

1A4&INI 
I A. 


Ijr* 
107e 

I n 

I A * 

170.I 

171 * 

177* 

1 71* 
1 1. 

17r. 


1 ?k 
T770 

1 74* 
I7q* 

18,1. 

IAI* 
IR 

I '. 

I A4* 


1RS , 
Iqro 


IR.	RA 
FIq*9 

1911* 
1qI * 

1q,. 

Iq 


Iq4o 
190 


C 

1T97 

iqq. 


1qq. 


?Pls 


101* 


1. 


?010, 

?D4*s 

705.
1I;iR 

07. 

7)1410'LOn 


7119e 

2111 

t11. 

710 

;pllu 

71s* 


lr 
7170 


?Iq*
P19' 

Gn TO 1
 
I 7 A : -doll
 

TCM% = TC*IL
 
On 193 r:.2u
r TCPSP IPREvioui Y CALCULATEr) TOTAL COST OF MOVING SOIL IN rOLLAR5)
TClfp : TCMS
 
SL rI :X StOXL r I*A
r SLnAP (SLOPE P')FVIOUSLY CALOJLATrO IN THE x DIRECTIuNI
SLonXP : SLIPEX-Ar orTrPp|NCE CWTN AND CUTP SO TWAT GRAnL CAN F ALULATC RAStn ON RD 
GPAnL 
 U
 

CNF ICFN H .SLODF X, SLOPFY-NX. NY vCUT P, C UTN. CUTPA.C ALH, CU T. GRAnt. 
C IN IGPAP1L IA mnul/T rP ADF L I1F IS LOWEPEr TO INCP[Asr RATIO OF COTS TO FILL,GR Ant.L i-I. )l/12.fleRoo N) * IRIs AgIC'UO N -ClJp I

Fr
FTr p IN COTS ANn F ILLS AFT FR LOWFRING GRAOF LINE
SLOPFY N Y*NY CUT P CUNCUyPA,

CALL CNF CF*H LOPF X C L HCu GRAOL e 

PC (RATIO rr 	 OF irS TO FILLS ORTAINEn)
 
PC - AHSICITP/ rUTNI
 

C TCM (TOTAL COSt 
 OF MOVING SOIL IN OOLLARS)r K (USE o TO SET OUAL TG I ErORT ENrLRING THE SUFPRO GAM9 : I	 SPT MS 
TC145 : 

CA11 SPTCMSl(NX.IYLForTCMS.K 'CUT ,"CI
IFITCMS GT. TNSPl 6O TO Iq 

1q CO
' t 

INIJP 
r SLfn"xP W1ICH GIVFS THE MINIMUM COST 

iq SL1 
0 

EX SLOPXP
 
TCmS : TCMSP
C SL nn Ey (SLOPE W%T RECENTLY CALCULATFD


C 	 IN THE X DIRECT IONSL"'YLS 
ISLVOF 1-1 Y I)IRECrIION
C TC 41 IMOST 	

P LEAST SOUARES MfTHOnlQFC tJTLY CALCUL AT ED TOTAL COST OF MOVINr, SO L Ir TCU'ZLS ITCmS USTNG LEAST SQUARES SLOPE) 
%LOYLS 
 SLnPrY
 
Yr6SLS :CMS
 
SL f'ry : SLOYLS 
 * .U IF Dr rP iIpjr rUTN AN0 CUTP SO TWAT GRAnLI CAN RF CALULATF PASEn ON RD
GRAn L : o
CAl CNF(CFN.H .SLOPFX LOP EY NX NY ,(CUTP.CUTN .CuYPA .C LHCUTGRAL e 

r rAAnL (AMOUFT rPAnr LINEGP AIL : 1I i*Uoo-oi /t?.n- IS LOWFRED TO TNCREASF RATIO or CUTD mNI ) o (Rno0A 	 TO FILL%IBS I CU TN I- CUTIP 
C nETFrQMINF CUTS ANO FILLS AFTR LOwFRINrCALl. CNF ICFNH.SLOPrXSLOPEY GRADy LINE,NX. NY CUTP .CUTNCUTPA, CALH- CUTo GRAnL.

IN)

C PC IRATIO 
 OF COTS TO FILLS OPT AINFDI
 

PC : ARS ICIJTP/rUTN)

T41, 1TOTAL COT 
 or MOVING SOIL IN nOLLARS1C K 111SEV TO SET FOUAL TO I OF FOR ENTFRING THE SU8PROGRAl SPTCMS 
K : I 
TCS% :Ii
 

CALl. SPTCIIS(NX.NY.LF*OFTCMS 

.K.CUT.RCI
 

IF(TCMS .GT. TCMSLSI GO TO 27
 
A = 0.0i
 
Go TO ?A
 

?7 A : -I.ni 
? TCMS : TCMSLS 

00n 192' 1:1.2oC TCwSP IPRFVTOU9.y CALCULATED TOTA. COST OF MOVING SOIL GOLLARI7C4'D TCMS 
0
 
"Y SLOYLSo IsA
 

SLPYP : SLOPE Y- Ar nCTFRMINF 
 CUTN AND CUTP SO THAT GRADL CAN BE CALULATE RASEP ON RD

GRAI0L : 1)
CALL CNF fCEN.H.LOPFSLOPEY .NX,N @CUrP.CIJTN.CUYPA.CALH, CUT.GRADL, 

C GRAnL IAMOONI C AOr LINF IS LOWrRF TO INCREASE RATIO OF CliTSGArl 0 FILLS): (( IU n.- /(.ofnoeRO nNI I. IRD4AHS(CUTN)-CIITP IDE TFRH INCCr 	 CuITS ANU FILLS AFT ER LOWFRING GRADE LINTCAiL CNF (CENHSLPFXSLOPCYNX@NY,@CUTPeCUTN.COYPA9CALM-CUTvGRAILo 

IN)
C PC (RATIO OF CUTS TO FILLS OPT AINEDI 

I 
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7711. OrP- ARSICUTP/r(ITN) 
?11 * r TC14S (TOTAL COI.T OF MOVING SOIL IN DOLLAR%)
 

7 * C w (IJSED TO SET rOl6AL TO I REFOR. ENTrRING THr SURPROGRAM sPTrmS
 
771, iw : 1
 

774m TCm1, : n1
 
7 71;*0 CALl SPY CMS( NX NY.LF OFvTCMS .K*CuT ,RCI
 
77 0 IF (ITCMS .6T. TCm SP I GO TO 79
 
7770 1q2 e'nT INUE
 
770. r SLOPVP WHICrH GIVFS THr MINIM1UI COST 

q q LL'IPEY . SLOPYO 
7ino TfP' : TCMP4P 
711' GO TO 314n 
7170 C nO PIOT WANT CONTROL TO REACH THF NEXT STATEMFNT WITH COMPUTEP MTNIIMrD 
710 mrM THOD
 
7114. C OriQPINE CUIN AND CUTO SO THAT GRADL CAN NR CALULATE pASEn ON RD
 
7 A;. r CUIP 1SUM OF CiTS)
 
7A, r CUI'l ISUM OF FILLS)
 
237? r CUVyA (CUlqlC YADnS nFR ACqrI
 
70l0* r CAIl ICALrULAIrti ELFVATIONS IN FrETI
 
230 r CUT (CUTS AND FILLS IN FEETI
 

on!riN sTiCe CINTO nt CAN NEVFP PFEC THr NEX i STATEICNT 
7140* GanL : U 
71 * CAlI CNF (c rN H .S LOPFXLOPFY .N x . NY.CUT P. CUTN. CUYPA.C AL H. CU ToGRArIL. 
71470 I'll 
741e C nRAnL (AMOiUNI PADF LINF IS LOWERED TO INCREASF RATIO or CUTc TO FILlU 
244-* Go nL ((II.Flnnom/I ?o.UeRDONi).IRneABSICUTNI-CUTP) 
7ra r OrIFR$4INF CUTS A4n FILL% AFTFR LOWERING GRAO LINF 
74r0 CALL CNF ICTNH ,SLOPr Xt SLOP y9NIt NY,CUTPo CUTNo CUYPAvC ALHecu T GRADLt. 
7147. p
 
7140o C PC (PATIO OF CUfTS TO FILLS ORTAINEO)
 
714T. PC - ARASICUTP/(IE)NI

2ino r TC"S (TOTAL COST OF MOVING SOIL IN DOLLARSI 

751. C K (USCO TO SFT FOUAL TO I RE FORE ENTrRING IHE SIIRPROGRAM %PTCMS
 
7'7 K : I
 

2C, 0 CALL %PTCMS( NX .'IV Or,TCMs .CIJLF KI*IT 

?Ss* C CONTINUE $1 1 1% USED w iTH COMPUTER MINIMiZrO COST MET'Or. ONLY
 

r9., 0 It4 COIfT INUF
 
7R?. C MUSI CALL CNF AIIN OF CAUSr it IARE CHANGED IN SPTrCM
 
219 CAiL CNF ICINPH.SLO gr X,SL OPEY oNX, NYoCUTPsCUTN.CUYPA.CALH1.CUT.GRADL,
 
7 q* IN)
 
7;n, WRIt I .q)
 
261*- 149 r'n4AT IIHDCAL 14 (CALCULATEDT L EVATIONS) )
 
7r,72 DO 171 Y = I, Nv
 
761* WRTTIF.It U) I(ALHIXYI. X INXI 
76014 140 FOP"UAT/IxOFG.7/1
 

r7AS a I? CONt INU
10r,. WPITE(0.14)
 
707 * 142 FOQMATIIHO'CUTV (POSITIVE) FILLS INEGATIVE)'I
 
7GO*6 DO 1?2 Y : 1. NY
 

SAno WR TTF (0.11) CIIIXYVl. X lNX
. ) 
27 144 FOPmAT( IXxf2lFA.3/1 
271. 122 CONT INUF 
777. r iCSPA ITOTAL COST OF MOVING %OIL PFR ACREI
 
77TV * TCUSPA : TCM%/ IHIOnnD.UNI/q39n1.0)
 
77 4 C SO (STANDAYRD nVIATION OF CUTS AND FILLS FROM THF CALCULATFO GRADE L INE)
 
. 27% C r U~r? ISIUM OF CiTS AND FILLS SOUARED)
 
7 7A* SUmr? = 0
 

777. DO urD X : 1. NX
 
277T DO 41 V -I. NY
 
;7q* SUUCt : SUMC2o ICUT IXYll?
 
p no 461 CONT INUr 

?At$ 4OU CONTINUE 
78?1 "D - SORI(SUMC2I N!
 
PA1 WRITEI&, I11)
 
P11* I11 FOP AT IHO' N NA NY CFN CulP CUTN LF OF
 

Alio I GR AnL SLOPrX SLOPrY RC RD SO TCMSPA TCMS
 
2RF* 2 roiVPA' /I
 
7R* WPRTIEIG. iII) N. NX. NY, CENs CUlP. CUTNm LF. DV. GRAOL. SLOPEX. S
 
7 1q aLOPEY, QC. RD SD TCMSPA@ T'MS CUYPA
 
7Aq4 I1 roP4ATUIXi14.1Ir R.3.2riO3/////,
 
79l10 790 CONT INIJE
 

797. END 
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1' SIIR' 01IIINF CNF (CE IPF SLOPXIt SLOPYINXINYICUPIsCUNICV AICALI*CU 
;?.1 I GP AOLI.NI) 
I. nIMENSION F (2(1, 2 It CALl 121 , 70). CUl 120, 201 

4 0 IN TFGFR X, Y
 
9, * MULTIPLE R fEGRESION FORMULA
 
9; 0 IFiMO(NXI,2).Nr.O) GO TO 17
 
70 I 1000O(NYI,2s 7 JE.0) GO TO IA
 
As C x KVEN Y EVEN
 

F -: - SLOPvI/2-(NX II/)*SLOPXI SLOPYI/2-INYI/21*SLOPYI
RGI CEI ­
in,, GO TO 23 
11 0 C x FVEN Y ODD 
17* 18 lrFSt 

: CEl - SLOPXI/2- INXI/7sSLOPXI - ( INYIiII/?I)%LOPYr 
Ile G( TO 1 
14. 17 IF4O0(NVIt, ).NF.0) GO TO 21 
it; C y100 Y EVEN 

prIre B*T : I - (I',IXI*I)/21SLOPXI - SLOPYI/2-INYI/2)*SLOPYI 
17. GO TO 23
 
IRO C I nrlD Y OD0
 
1q. 21 Prr,T : rE - (N X1.t11/21*SLOPXI - (INY1411/2.SLOPYI
 
20. 23 CnNtINUF 
71 C CAl. (CAL CULATFD EVEVAT IONS) 
22. p 211O v :I, Nx 
230 00 't Y = Is NYl 
'4 CAulX. Y) : BRGIOSLOPXl.4XSLOPYI.Y-GRADLI 
2c;4 711 CONTINUF 
7?r * 710 CONTI NUE 
770. C r1UT) (CUTS POSTTVE AND FILLS NEGATIVE VALUES) 
?A, O 7201 Y : to NXI 

?qs Do ?21 Y = I. NYI 
II* CIJI(X. Y) -- E(X YI-CALI IX, Y) 

'11 221 CONTINUE 
'2. 2201 COUTINUE 
Ile C C11I0 (SUMMATION OF CUTS) 
14. CUPI = 0 
IF, 0 00 222 X : to NXI 
3f DO 224 Y 1. NYI 
47. IF (CUI4X, Y).LT. 0) GO TO ?24 
38. CUI : CUPI 4 CUlIKtY) 
jq* 224 CONTINUC 
*0. 222 CONTINUE 

41' r CUNI (S.UMMAT ION OF FILLS) 
42* CUNI O0 
410 DO 24 X = 1, NXI 
44. (0 241 Y = It NYI 

445. IF ( CUI(X. Y) rT. n) GO TO 241 
4f; 0CUNI : CUNI * CUIIX.Y) 
470 241 CNmTINUE 
4R* 240 CONTINUE 
4q. r YrPA (SUM OF CUTS IN CUBIC YARDS PER ACRE) 
S;n s CYDA I: ((CUP I 1000n. 0) /27.0) 1100011 D*N 1 /4I/NSGU.O 
Ste RETURN 
r;7 (NO 
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I SU0OOUTINE SPTCM SNXIsNYItLI1 ItTCMIKICUI,RCI I
 

2. 	 DINMNS ION CUi t?0. 701
 
*IN IF GER V Ws X9 Yv Al. A2. A3 A'4. AS. A A£7e A
 

te PEAL LI 
r Cr S OF MOVING SOIL
 

re C LOCATING ACUT
 
70 in rnOJT INUE
 
A. no 2AO w : I.Nyi
 
Q no ?Ai V : I.NXI 

In IF fCUIIV, W1 -LE. ) GO TO 26l 
II " CUMI (CUTS TO (iF MOVED OR POSITIVE CUTS) 
i2* 51 CU4l CUI(V, WI
 

iie C LOrATING A FILL FOP EACH CUTM 

14so C DO LOOP FOR rNLARGING RADIUS OF CIRCLE AROUND CUT 

I;.s on 7,;n I = it 20 
Ir* (" A TA A7 ARr LI4IS TO CONTROL CIRCLE 
170 A V, I- I 
In"o At V#I 

jq. 	 62 U,! -1?It* 	 a3 W4I­

21 1e 	 A43 wI#1 
71* 	 Al " V-I1 

7;'*AS V-I
 

23. 	 A ., W-I#I 

2u1. A7 W-I 

,.5$ C ITFOATIONS ON ONE SIDE OF CUt 

2; DV 770 Y : AT A7 
27. DO 771 X : AS, & 

2Re C orTQICTS SFARCH FOP FILL TO THE F IELD 
TO ?712,71T 	 IX ,LT. I .OR. X .T. NXI *OR. Y *LT. 1) 60 

IO IF ( *NOT. (CUI(X, Y) *LT. 01) GO TO 271 
3I. CALL FLYFLY(VWXV.ICMItC, I ,LIDIK1 PCUMlRCI I 
17. C OrFDE Nf) IF CUTS NEEDS MORE CUTTING OR IF FILL NFEDS MORE FILL 

+Ils 60 TO fin. 51. 7611# KI 
3(4 271 CONTINUE 
"cz0 770 	 CNT INUE 
I . C IIFAT TONS ON ONE SIUE OF CUT 
37*00 n276 X =Ac A5 
"R0 no 777 Y = AF, Al 
IQe C Qt-CTRPITS SrARCH FOR FILL TO IHF FIELD 
4n* IF I Y .LIs 1 .OP. Y *GT. NYI *OR. X *LT. ii G0 TO 277
 

41!* IF I.NnT. fCUl Ix, YI ,LT. m1 60 TO 2T7
 
4. 	 CALL FLKFLYfVWKeX ICMICUI ,LIsPIK1tCUMIRCII 
(83. C fF Dr Nn IF CUTS NEEDS MORE CUTTING OR IF FILL NFEOS MORF FILL 
i4a GO 10 10. 51. 2 119 KI 

4is 777 CONTINUE
 
49s, 7R CONTINUE
 

47. C 	 ITIPATIONS ON ONE SIDE OF CUT 
4naf 	 no 77 X Al. Al 

0Q* V A2o0 273 A7. 

5n C RESTRICTS SFARCH FOR FILL TO THF FIELD 
si. IF Iv .1.7. 1 .OP. Y *GT. NYI *OR. x .GT. NXII GO TI' 273 
V * IF f *NOT. ICUIIN, V# .LT. O1 GO TO 271 
r)I' 	 CALL FLYFLYV.WXvYTCMItCUItLItDI.KI ,CUMI.RCI I
 
S4s C PfnrND IF CUTS NEEDS MORE CUTTING OR IF FILL NEEDS MORE FILL 

Ci;* GO TO fl10 Si. 2611. KI 
Cr# 773 .nTINUF 
r7* 272 CnNTINUF 
SR 9 C ITFAT IONS ON 0NE SIDE OF CUT 
5q* DO 74 Y =Al A3 

;nfs DO 275 X AN. Al 

rIa C PFSTRICTS vEARCH FOR FILL TO THE FIELD 
67,4*IF I LT. I .0P. X GT. NXI .OR. V *G7. NYII GO TO 275 
Al*0 IF I *NOT . (CUI Ix, YI .LT. m )I GO TO 27S 
64s CAL F LX FL V I V, We X,@VTCMI, CUI ,L I, 01,KI v r'UMIRCI 
6;e C nrFPENrI IF CUTS NEEDS MORE CUTTING OR IF FILL NEFO MORE" FILL 
Ac; # O TO i10@ Sit 261)9 KI 
A?, 275 CONTINUE 

AA * 774 	 CnNTINUE 
791* 250 	 CONTINUF 
70. 761 	 CONTINUE 
71 . 760 	 CONTINUE 
77s RETURN
 

73* ENO
 

http:FLYFLYV.WXvYTCMItCUItLItDI.KI


ran I", I I" "JU UU IN€1 F L Xr TIi *C* r, lrf.Ci ,U2-1. PP.; KZ, UT-, PC 2 1 
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IWo PFAL LHVC. LHX. LFe LHK. LHY
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170 1OJ Fn OMATIfIHO OnOUL[ CENTROIO mrTHO) FOR
1 A PLANF' I
 

770 F pnUnPr CCNTPOI, METHOD FOR A PLAiN 
 -RECTANGLE ONLY
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AI FHAF FH C s 41x. YI
 
979 I8? CONTINUF
 
8'. 181 COT INUF
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ine1 173 CONTINUE
 
11n. tT? COrnTINUE
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IqeI no 187 Y : 1. P5 
+I'n* HY . FHYC # HIX. YI 

1 21 187 CONT INUE 
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91. r S Y (ISUM OF YI
 
0oq r Y - L)
 
q , (0 I111 X I#NX
 
qrs ni 181 Y - INY
 
q97 SHY . SHY+Htx, Y).Y
 
qqs syf : iys y s p

qQ* SY 
 =SY.V 

I uln. ji ro' INUF 
IfI l 

s 1811 CONT INUE 
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9. INTFEb x. Yo F, n 
I', P'r L NSLOX, NSLOY. LF
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170 IDO FOOIMATI IOIAVEpaGE SLOPF METHO D FOR 
 A PLANF')
 
7;. r L PPF% ISLOPFS IN FEET PER 1uo FFT 
 BY AVWRAGF SLOPE METHODI 
72. r SI'4LX (SIM OF SLOPES RETWFEN STAKFS IN X nIRFCTIIN)

74,* r N;LO (NMINEFR OF SLOPFS IN THF 
 X DIRECTION)
 
7c;* NeIJl4-X : 0
 

77. no 171 Y : 2, NX
 
7q*sT, 170 Y = It NY
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7. 171 CO NT I NUE 

Rlt 171 CONTINUE
 
q4o. c SL nP E X 
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qno DO IRt xK 1 NX 
ql. DO 181 Y = 2. NY 
q7. n " Y-i 
Cite 114SLY S JMSLY + (HIXvYI - HIlo Oil 
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Re; o JIl CONT INUF 
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 CONTINUE
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q98 %LOnEY SJIASLY/NSLOY 
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7.c;) 7.t 7.71r Al.00 7.Gr) 
7 
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