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CHAPTER 1: SUMMARY

Soil and site character istics did tiot vary enough to determine

their influence on tractor dozer performance. Comparisons of maximum

bla de and operating blade capacities showed that all blades were operat-
ing at less than 67 percent maximum capacity , but the U b lades operated
at a higher percentage of maximum capacities than the A blades. These
percenta ges woul d chan ge with chan ges i n soil and site character i st i cs .

The earthmoving production model based on traction capabilities

has val idity because all measured earthmoving production values were

below computed optimum values. Using computed optimum production at

measured speed as 100 percent effic i ency , the trac tor dozers measure d
production averaged 56 percent (based on dozing time only) with neither

blade type (A, U , or 5) being si gnificantl y more eff i cient than another .
However , in terms of volume of material moved , the 60-ft blade moved an

average of 6513 loose cubic yards per hour (LCY/hr), which was an

86 percent increase over the next largest blade , the 48-ft A blade. A

good correlat ion existed between the horsepower and the average acres of

spoil reclaimed per hour of dozing time .

Based on the drawbar pull-slip tests the maximum tractive force

used in the earthmoving production model is too low for crawler tractors .
The effects of the l ower values are not considered significant; however ,
if the new maximum drawbar pull values were used in the model , the corn-
puted optimum production rates would be slightly higher and occur at

slightly lower speeds .

The report contains two appendices: Appendix A discusses the

earthmoving production model used in making estimates of production
rates; and Appendix B presents a table of the conversion factors used .

10
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CHAPTER 2 : INTRODUCTION

Background

The U. S. Bureau of Mines (USBM ) as part of its overall energy
research program is deve lopinç~ and demonstrating advanced surface mining
equipment and systems capable of producing coal at optimum cost and
safety with minimum environmental change and maximum use of the nation ’s
coal reserves. As part of the overall program , the USBM in cooperation
with the Pittsburg and Mi dway Coal Mining Company conducted a Special-
ized Reclamation Field Test project aimed at developing specialized
reclamation equipment and techniques for leveling area mi ned spoil banks.
The objective of the project was to provide tools and techniques that
will enable the surface coal mining industry to meet land reclamation
requirements wi thin an acceptable time frame and at a reasonable cost.

Three principal experimenta l tools tested under this project
included:

a. A 48-ft angle (A) blade mounted on two side-by-side D9H
tractors .

b. A 60-ft variable A blade mounted on a 4lB tractor wi th a tow
assist  from a second 4 1B tractor.

c. A 14-ft reclamation universal (Rec U) blade mounted on a D9H
tractor.

In addition , the following three conventional dozer blades were
used at the test site as support equipment:

a. A 23-ft universal (U) blade mounted on two side-by-side D9H
tractors .

b. A 20-ft U blade mounted on a 41B tractor.
c. A 13-ft straight (5) blade mounted on a 08H tractor.

As part of the evaluation of both the experimenta l and standard
blades , the USBM , through an interagency agreement , engaged the U. S.

Army Engineer Waterways Experiment Station (WES) to evaluate these tools

at the test site in southeastern Kansas. The selection of WES stems

from an earlier project in which WES conducted for USBM a feasibility

study of using large tractor dozers for moving earth during strip mining

11



reclamation activities .* During this study , estimates were made of
earthmoving rates and costs for a range of existing standard tractor
dozers as wel l as a few concept tractor dozers in the 1000- to 5000-hp
range . The basis for the estimated earthmoving rates was the verified
analytical models developed by WES that relate the performance capa-
bilities of ground vehicles to the terrain conditions on which they are
required to perform. In the ori ginal WES models , traction capabilities
of the vehicles were of prime importance since they could be converted
to tractive force, speed , etc.; however , in the large tractor dozer
feasibility study , the WES models were extended to convert tractive
force and speed into estimates of optimum earthmoving rates for each
tractor. The current evaluation study reported herein presents earth-
moving rates and other pertinent data as measured during field exercises
to compare with estimated rates computed using existing technology .

The field test program was conducted in the southeastern part of
Kansas on strip-mined areas where the spoilbanks are parallel with
crest-to-crest distance between 90 and 120 ft and maximum dozing dis-
tance is usually less than 50 ft. The participation by WES was a small
part of an overall joint Pittsburg and Midway Mining Company-USBM
Specialized Reclamation Field Test Program “primarily centered on the
field test and evaluation of high -vol ume lateral relocation blades ,

designed to improve dirt-handling efficiency in short distance (less

than 50 ft) relocation ranges associated with leveling area-mined spoil

banks. ~~~~

* E. S. Rush and W. E. Willoughb y , “Feasibility of Using Large Tractor
Dozers in the Surface Mining of Coal and the Reclamation of Mined
Areas ,” Miscellaneous Paper M-76-4, Mar 1976, U. S. Army Engineer
Waterways Experiment Station , CE , Vicksburg , Mi ss.

** J. Goris and J. W. Howland , “Effective Utilization of Horsepower in
Mined Land Reclamation Efforts (Part 3),” presentation at the
Earthmoving Industry Conference, Society of Automotive Engineers ,
Peor ia, Ill., 19 Apr 1977.

12
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Objectives

The overall objective was to evaluate performance of six special-
ized and standard crawler tractor blades tested in leveling surface—
mined spoil piles in southeastern Kansas as outlined below :

a. Collect soil and other terrain data as required in modeling
terrain/equipment interactions in areas being reclaimed after
coal extraction using the area strip mining method .

b. Measure dozer blade earthmoving performance rates in several
areas exhibiting differences in earth material properties.

c. Relate the performance rates of the experimenta l and standard
dozer blades to pertinent equipment/terrain parameters.

d. Compare measured performance data with optimized earthmoving
performance rates computed with methodology presented in the
feasibility study and reviewed in Appendix A.

e. Discuss production efficiencies during practical application
of tractor dozers in leveling spoil banks.

f. Present limi ted tests of drawbar pull -sli p for two tractors.

13
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CHAPTER 3: EQUIPMENT EVALUATED AND DATA COLLECTED

Equipment Evaluated

The tractors used in dozer evaluations were manufactured by
Caterpillar (D8H and D9H) and Fiat-Allis (41B). Characteristics of the
evaluated equipment are summarized in Table 1 and discussed briefly in
the following paragraphs.
D8H/S blade

The D8H (Figure 1) was the smallest of the tractors used , and it
was equipped with a 13-ft S blade that is 8 in. less in height but the
same width as the U blade usually recommended for reclamation activities.
The main differences are that this U blade has a greater maximum con-
cavity and side panels to hold more material in front of the blade .
D9H/Rec -U blade

The D9H tractors (Figure 2) have track-width options of 24, 27,
and 30 in.; the one evaluated had the 30-in. -wide tracks. The Rec-U
blade is the same height as the S blade , also m ade for the D9H , but
about 1 ft wider. The Rec-U blade also has side panels for holding
material in front while dozing. It is considered to be one of the
experimental blades .
4lB/U blade

The 41B with 20-ft U blade (Figure 3) at 160,000 lb was the
largest single tractor dozer evaluated during this study .
SxS D9H/U blade

This equipment consists of two D9H tractors attached in the front
to a single 24-ft U dozer blade and in the rear by a steel-tubing at-
tachment that keeps the tractors in a basic parallelogram configuration
(Figure 4). The unit is operated by one operator with movements of the
two tractors synchronized hydraulically. The total weight of this con-
figuration is 187,400 lb. The tractors when operated side-by-side use

27-in. -wide tracks that give a ground pressure of 13.0 psi.

SxS D9H/A blade
This equipment configuration (Figure 5) uses the same two tractors
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Figure 1. D8H/S blade
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Fi gure 2. D9H/Rec—U blade

_ rL~~~~i.~~~~~~’0l’ 
-
~~~

-

~~~~LUUUN~~~~1U~ 
:.~~~ f*_:

~~~~~ti~~~~
g; ~~~~~~~~~~~

Figure 3. 4lB/U blade
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Figure 5. SxS D9H/A blade
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described above , the difference being the blade size , shape , and angle
of attack. The blade angle is fixed at 46 deg with the l eading edge of
the tractors , and the blade width is 48 ft. This is one of the experi-
menta l blades built specially for the overall field program .
Two 4lB/A blade

This equipment (Figure 6) consists of two 4lB tractors and an
experimental voriable angle blade 60 ft wide. The rear tractor carries
approximately 60 percent of the total system, and the lead tractor
carries the remaining weight and assists the rear tractor by towing the
blade . During the tests, the blade was operated at angles between 40
and 85 deg.

Location and Description of Test Areas

The test areas are located in the same strip-mi ned area reported
in the feasibility study report.* Figures 7 and 8 show the specific
test areas for the study reported herein. The mined area is located in
Cherokee County in the extreme southeastern corner of Kansas. The
natural relief in the surrounding areas is not great, less than 80 ft;
however , in the mi ned areas , spoil banks from coal mining operations
have commonly exceeded the total natural relief. Some 20,000 acres have
been stripped in the vicinity of the test areas that were located on
land currently owned by the Pittsburg and Midway Mining Company .** The
spoil bank crestline-to-crestline distances range from 90 to 120 ft and
the heights from original ground level from 20 to 80 ft.

Test areas 1 through 5, 1A through 4A , 1B , 3B, and 4B were on

90-ft crestline-to-crestl i ne spoil banks , and test areas 6, 7, 8, 9,

b A , lOB , 11 , l2A , l2B , 13 , and 14 were on 120—ft crestline-to-crestline

spoil banks . For all test areas, the tests were begun after the peak of

the spoi l bank had been leveled by one pass of a U- or S-blade dozer to

make a working platform for the test dozers. Earthmoving procedures

varied with dozer configurations and will be discussed later.

* Rush and Willoughby , op. cit., p 12.
** “The Orange Disc ,” the magazine of the Gulf Companies , November-

December 1975.
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Data Co llected

Soil data
Table 2 presents the basic soil data collected to relate to earth-

moving performance rates and to describe test conditions. Figure 9
shows the soil classifi cation data . Both are discussed in the following
paragraphs. Measurements of cone index , moisture content , and density
were made at three spoil bank l ocations: on the spoil bank ridge before
the first dozing cut , on the spoil bank after the last dozing cut , and
on the outsbope before dozing. The outslope spoil material resulting
from the dozing operations was not measured . The outslopes were mea-
sured before dozing began but were not used in the analysis.

Soil classification. Samples were collected for laboratory anal-
ysis from each test area. Because of the similarity of characteristics
in some test areas , they were combined and represented by the same grada-
tion curve. Consequently, five sets of classifications describe all
23 test areas. The classification shown is based on the Unified Soil
Classification System , a system of identification of soils according to
their textural and plasticity qualities that indicates how they will be-
have as an engineering construction material. The classification does
not reflect the isolated rocks that were present throughout the material.
They ranged from numerous gravel size rocks to a few rocks that were
approximately 6 ft in diameter.

Cone i ndex. Cone i ndex is an index of the shearing resistance of
soil and is measured with a cone penetrometer. The resistance to pene-
tration by a 30-deg cone with a 0.5-sq-in, circular base is expressed in
pounds of force on the handle per square inch of the base area . In the
WES soil model , the cone index values are considered as i ndexes only
and no direct meaning is assigned to its dimensions. The index range
is usually from 0 to 750 with the highest readings reflecting the
strength of the firmest soils. Cone index readings were made at the
surface and at 1-in , vertical increments to 12-in , but for convenience
were averaged to obtain values for the 0- to 6- and 6- to 12-in.
l ayers . Measurements were made before the first dozing cut and after

22
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the last one and are assumed to be representative of the soil strength
under the tractor tracks supporting the tractor and providing traction,

Moisture content. Soil moisture content for the 0- to 6- and 6-
to 12-in , l ayers was determined both before and after the earthmoving
tests. Soil moisture content is expressed as a percentage of the wei ght
of water driven off at 105°C to the weight of the remaining dry soil ,

Density. Dry and wet density measurements were determined from
samples taken with a standard soil trafficability sampler of constant
volume for the above soil l ayers . Dry density was determined from the
weight wi th the moisture removed , while wet density was computed from
the wet sample weight and known volume , Loose wet density , representing
the material being dozed, was measured by shoveling soil from the ridge
before the fi rst cut and after the last cut into a 1-cu-ft box , filling
it , vibrating it gently, and then weighing.
Surface slope data

Slopes of the test area surfaces that might affect traction and
dozing performance were difficult to determine since they could change
within a given test or even during a given pass of the tractor. For the
U-blade dozers , the tractor dozing was usually downslope; and for the
A-blade dozers , the tractor dozing was usually on l evel surfaces. For
both blade types , the soil was usually dropped over the outslope ; al-
though this procedure was a factor in dozing performance, it was not
considered in the analysis.
Earthmov ing data

Earthmoving data collected are sutmiarized in ‘Table 3 and are dis-

cussed below.
Test area length , This is the longitudinal distance along the

spoil bank to be leveled . The value can be used in estimating earth-

moving rates on an areal basis ,
Volume of soil moved. Rod and level profiles , before the spoi l

bank was moved and after it was leveled , were measured in what was con-

sidered sufficient quantity along the length of the test area to corn-

pute the volume of soil moved during the specified operating time,
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Volume of soil (loose cubic yards) moved per hour of dozing time.
The total volume of soil moved was divided by the measured actual time
each tractor was dozing soil. This va lue is considered to be earth-
moving production rate at 100 percent efficiency.

Volume of soil (loose cubic yards) moved per hour of qp~~ating
time. The total vo lume of so il moved was divided by the total operating
t ime . This value , when compared to vo lume of soil moved during dozing
only, yields a percent efficiency that is an indicator of operating
efficiency for actual application of dozing operations.

Soi l movement distances relating to dozer blade path. This value
is used for the analysis of optimized production . In the feasibility
study that considered S and U blades only, the dozing distances along
the path of the dozer began at the point of blade full and ended with
the discharge of soil over the outsiope . For the S and U blades in the
study herein , the dozing distances for optimization of production were
determined in the same way.

For the A blades , the determination of soil movement distances was
somewhat more difficult than for the S and U blades . For studies of
optimization of earthmoving rates for the A blades , the soil movement
distances are assumed to be one-half the width of the blade face, and a
full blade is mai ntained by continuous cutting along the blade face and
continuous discha rge at the blade trailing edge over the outslope . The
optimum blade angle for conditions of para llel spo il banks is assumed to
be that angle formed when the leading edge of the blade coincides with
the center line of a given spoil bank and the trailing edge just over-
hangs the outsiope. Any blade angle on the same spoil bank less than
the one wherein the blade just spans the distance between center line
and outslope would cause the trailing edge to overhang the outslope and
production would be less than optimum . Any blade angle greater than the
one that just spans the center line to outslope distance wil l yield less
than optimum production because the trailing edge of the blade will not

reach the outslope when the leading edge is on the center line of the

spoil bank; thus the spoil will have to be moved a second time . The

determi nation of optimum blade angle for optimum production then is a
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function of spoil bank size and blade length , assuming adequate tractor
horsepower and tractive force.

In the A-blade tests herein , the tractor dozers moved along a path
parallel to the longitudinal axis of the spoil bank , while the soil
moved across the blade face and was discharged at an angle away from its
ori gin but toward outslope disposal . A variable number of passes , de-
pending on spoil bank size , were required to move the soil completely
across the spoil bank to disposal at the outslope . The average angles
between the longitudinal spoi l bank axis and the average horizontal
distance that the soil was moved across the spoil bank to disposal at
the outslope were used to determine equivalent dozing distances for the
A blades relative to the S and U blades. Figure 10 illustrates the
determination of soil movement distance relative to dozer blade path.

Soil movement distances with respect to soil mass centroids. Soil
movement distances with respect to soil mass centroid are used in practi-
cal applications and were therefore measured along with other earthmoving
data . Soil movement distances with respect to soil mass centroid are
determined as the horizontal and vertical distances from the mass cen-
troid before dozing to the mass centroid after dozing. Figure 11 pre-
sents a schematic of soil movement showing these horizontal and vertical
distances. Longitudinal displacement of the centroid after dozing was
not measured , because it was considered negligible. Figure 12 is an
example of a spoil bank profile showing realistic shapes before and

after dozing.
Operating times. Four operating times are listed in Table 3.

Dozing time was measured as the time the blade was full , or when the
operator ceased cutting new soil , until the mass was disposed over the
outslope . Loading and backup time was measured as the time of completing

disposal of one load over the outslope until the blade was again loaded .

Dozing , loading, and backup time constitute the total time required to

move the entire soil mass and , for S and U blades, is the same as total

operating time . Turnaround time was measured for the A blades at the

end of each test area . For the two 41B/A blade , only two measurements ,

dozing time and turnaround time , were made. For the SxS D9H/A blade ,
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in addition to dozing and turnaround times , a time was noted in the doz-
ing, loading, and backup co lumn of Table 3 to accou nt for removal of
bou lders that hindered operation.

Soi l movement speed. Soil movement speed is the same as tractor
dozer speed . For S and U blades, it is the speed of movement in front

of the blade . For the A blades , it is the speed of discharge of soil
from the trailing edge of the blade which , once the system has reached
equilibrium , is also equal to the speed at which the dozer is traveling.

Number of passes. This is the number of passes along the spoil
bank that was required to reduce the bank to the desired reclamation
level . See the discussion on “Description of Tests Conducted ” for
clarity of this i tem .

Tractor dozer track slip . Slip is defined as the percentage of
track movement ineffective in advancing a vehicle forward . Maximum
tractive force in fine-grained soils , similar to those in this study ,
has been determined to occur at about 20 percent slip. Track slip less
than about 20 percent denotes that additional traction was available but
not used , while track slip greater than about 20 percent means that the
tracks had exceeded the capability of the soil to withstand shear.
Traction data

Drawbar pull , track slip, and motion resistance (force required to
tow with transmission disengaged) were determined using the D8H and D9H
tractor on level spoil banks . Soil and dozer performance data are
given in Tables 2 and 4, respectively.

Description of Tests Conducted

The type of tractor blade (S, U, or A) generally dictates the
operating technique used in reclaiming area surface mines. In this
study , the tests conducted wi th the six blades described previously

were designed according to the techniques normally used in surface mine

reclamation.
S- and U-b lade tests

The S- and U-blade tests were conducted in the same manner. After
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Table 4
Drawbar Pul l-Slip and Motion Resistance Tests

Drawbar Pull
Tractor Dozer Gear lb Coefficient Track Slip, %

Area 1A

D8H (67 ,800 lb) 1 25 ,042 0.37 0
29,255 0.43 1.2
37,914 0.56 1.6
41 ,893 0.62 1.6
48 ,446 0.72 2 .3
53,829 0.79 5.1
58,510 0.86 9.1
56 ,638 0.84 37.5
52,191 0.77 91.3
55 ,233 0.82 100.0
47 ,276 0.70 62.3
55 ,702 0.82 100.0

2 28 ,750 0.4 2 0
32 ,404 0.48 0.4
37 ,276 0.55 0.6
41 ,906 0.6 2 1.0
45 ,317 0.67 1.5
46 ,535 0.69 4.0
47 ,753 0.70 5.8
50 ,190 0.74 Stall

3 19 ,890 0.29 0
23 ,340 0.34 0.4
24 ,762 0.37 0.9
24 ,964 0.37 1.4
27 ,197 0.40 1.4
40 ,592 0.60 Sta ll

Motion Resistance

7,102 0.10

Area 2A

D8H 1 21 ,256 0.31 0
24 ,563 0.36 0
26 ,925 0.40 0.5
33 ,065 0.49 1.6

(Continued) (Sheet 1 of 4)
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Table 4 (Continued)

Drawbar Pull
Tractor Dozer Gear lb Coefficient Track Slip, %

Area 2A (Continued)

D8H 1 41 ,332 0.61 2.0
40,859 0.60 2.2
44,638 0.66 2.3
45,819 0.68 2.4
48,181 0.71 2.9
52,432 0.77 3.0
53,377 0.78 3.7
60,460 0.89 18.5
59,990 0.88 18.7
59,900 0.80 40.7
57,156 0.84 100.0
58,573 0.86 100.0

2 25,560 0.38 0
28,874 0.43 0.4
33,290 0.49 0.7
37,864 0.56 2.5
43,074 0.64 2.9
57,967 0.85 Stall

3 20,574 0.30 0
26,447 0.39 0
24 ,034 0.3 5 0.4
24,734 0.36 0.5
27,260 0.40 0.6
29,295 0.43 1.0
24,967 0.37 1.0
26,660 0.39 1.6
32,143 0.47 1.8
31 ,500 0.46 2.4
37,100 0.55 Stall
38,246 0.56 Stall

Motion Resistance

5,944 0.09

Area 3A

D8H (67 ,800 ib) 1 21 ,656 0.36 0
26 ,228 0.39 1.8
29 ,837 0.44 2.2

(Continued) ( Sheet 2 of 4)
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Table 4 (Continued)

Drawbar Pull
Tractor Dozer Gear lb Coefficient Track Slip, %

Area 3A (Continued)

D8H 1 32 ,965 0.49 2.5
38,018 0.56 3.3
38,740 0.57 4.3
43,792 0.65 5.1
47,402 0.70 5.2
51 ,012 0.75 6.6
59,193 0.87 18.3
57,268 0.84 45.9
58,230 0.86 100.0

2 24 ,160 0.36 0
26,818 0.40 0.2
27,542 0.41 1.2
33,582 0.50 2.7
38,656 0.57 3.6
44 ,213 0.65 5.2
48 ,318 0.71 10.0
54,118 0.80 Stall

3 17 ,284 0.25 0
21 ,802 0.32 0
22,940 0.34 0
25,338 0.37 1.6
26 ,710 0.39 2.5
38,496 0.57 Stall

Motion Res istance

7,616 0.11

Area 4A

D8H 1 27,288 0.40 1.2
36,582 0.54 4.0
39,350 0.58 5.9
42,712 0.63 6.2
49,040 0.72 6.6
56,554 0.83 11 .2
57,740 0.85 39.5
58,531 0.86 100.0

(Continued) (Sheet 3 of 4)
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Table 4 (Conc l uded )

Drawbar Pull
Tractor Dozer Gear lb Coefficient Track Slip, %

Area 4A (Continued)

D8H 2 28,130 0.41 1.0
30,111 0.44 1.0
32,687 0.48 2.1
36,846 0.54 3.1
40,611 0.60 4.4
43,582 0.64 6.1
46,355 0.68 9.5
53,883 0.79 Stall

3 14,098 0.21 0
17 ,454 0.26 0
22,152 0.33 0
23,160 0.34 0
26,516 0.39 2.0
28,193 0.42 2.0
35,244 0.52 Stall

Motion Resistance

5,302 0.09

Area 1A

D9H (92,900 ib) 1 54,326 0.58 1.8
64,232 0.69 3.9
57,340 0.62 4.5
65,818 0.71 5.0
69,454 0.75 5.2
75,107 0.81 9.9
76,722 0.83 10.0
81 ,166 0.87 20.0
79,548 0.86 23.8
76,396 0.86 28.7
80,760 0.87 33.0
76,962 0.83 41.3
78,337 0.84 46.1
75,914 0.82 59.6
77,530 0.83 100.0

Motion Resistance

7,938 0.08

(Sheet 4 of 4)
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a spoil bank had been selected , a test section on the spoil that was
relatively uniform in size and shape through its length , usually 200 to
400 ft long , was marked off. Cross-section profi les and soil data were
collected in the test section. Then on signal , the dozer operator would
start at one end of the test section by moving spoil unti l a vertical cut
approximately equal to the height of the dozer blade was exposed across
the test section. The dozer would then work along the face of the verti-
cal cut pushing the right half of the spoil over the edge of the right
bank and the left half of the spoil over the edge of the left bank. To
move soi l on the right of the center line , the dozer operator placed the
left edge of the dozer blade at the longitudinal center line of the
spoil bank and worked toward the ri ght edge of the spoil bank along a
path whose average angle was 56 deg with the spoil bank center line . As
the dozer moved along this path, soil accumulated quickly (in a distance
of a few feet) in front of the blade until a bladefull developed; then
the dozer continued forward until the soil was pushed over the bank’ s
edge. In this operation most of the soil in front of the blade was cut
by the vertical edge of the dozer blade against the vertical wall rather
than the ,horizontal cutting edge of the dozer blade against the ground
surface. When the dozer backed to the spoil bank center line , the
dozing technique was repeated . Usually after three or four pushes on
the right side , the dozer was turned and worked on the left side of the

center line.
Working in this manner , the dozer moved along the test section

until a l ayer of spoil approximatel y the height of the dozer blade had
been cut and pushed over the edge of the spoil bank. The dozer would
continue to remove the spoil l ayers in this manner unti l the spoil bank
was reduced in height to the required reclamation level . The time used
to remove each spoil l ayer , as well as to push and back up, was recorded .

After reclamation was completed , soil and cross-section profile data

were taken in the same locations as were the “before reclamation ’1 test

data .
A-blade tests

After a spoil bank had been selected and a test section marked
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off, a standard dozer was used to build an area at each end of the test
section for the A-blade dozers to turn around. In addition , the stan-
dard dozer was used to cut the bank down to a level where the top of the
bank was wide enough to allow the two A-blade dozers to begin work on
the test section. Cross-section profi l es and soil data were collected;
and then on signal , the dozers began working in a forward direction a-
long the longitudinal axis of the spoil bank. As these dozers moved
along the top of the test section , soil accumulated and moved to the
right along the face of the A blade until it was cast over the edge of
the spoil bank. The dozers would continue to operate in a forward
direction until they reached the turnaround area at the end of the test
section. Then , the dozer operators would turn and work back along the
test section in a simi lar manner , cast ing soil over the opposite edge of
the spoil bank until they reached the turnaround at the beginning of
the test section . Repeating this technique , the dozers operated back
and forth along the test section until the soil bank was reduced in
hei ght to the desired reclamation l evel . The time used to make each
pass , as well as each turnaround , was recorded. On a few occasions ,
these A-blade dozers had to stop continuous forward operation during a
pass and work back and forth within a short distance on the test section ,
usually to push an isolated large rock over the bank ’s edge. When this
occurred , the time required to do the work was recorded separately from
the time required to make the complete pass. After reclamation was com-
pleted , soil and cross-section profile data were taken in the same l oca-
tions as were the “before reclama t ion” test data .

Determining maxi-
mum blade capacities

Dozer blade capacities for the S and U blades were determined by
having the dozer operator begin the normal dozing functions of “filling ”
the blades to maximum capacity by shearing soil along the bottom and
sides with the blades and , once filled , “drifting ” the blades with no

additional shearing action but stopping just prior to discharge over the
outslope . The volume s of soil in front of the blades then were measured .
This sequence was repeated several times to obtain an average value.
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Dozer blade capacities for the A blades were determined in a simi-
lar manner; however , wi -~h A blades , to maintain maximum blade capacities
(maximum discharge at the trailing edge) soil shearing along the bottom
of the blades is continuous. For the A-blade measurements , once the
blades were discharging at a maximum capacity , the tractors were stopped ,
and the volume of soil in front of the blade was measured . This sequence
was repeated several times to obtain an average value . These values are
presented and discussed later in Chapter 4.

* 
Drawbar pull -sli p and
motion resistance tests

Drawbar pull - slip tests were conducted with the D8H and the D9H
tractor dozers (Table 4). Drawbar pull was measured with a load cell
connected between the test tractor and a load tractor. Necessary
electronic -electrical measuring and recording devices were monitored on
the test tractor to determine the distances that the tractor and a point
on the track traveled in a g iven period of time . These two distances
were used to compute track slip, the percentage of track movement in-
effective in moving the tractor forward. The l oad vehicle applied
various loads to the test vehicle while both were moving forward , and
these different l oads produced slip values ranging from 0 to 100 percent

for first gear only. Power stalls occurred in other gears before sig-
nificant slip occurred . Measurements were made in this manner until a
sufficient number of l oad and slip combinations were recorded to develop

a drawbar pull—slip curve.
Motion resistance tests were conducted in conjunction with the

drawbar pull -sl ip tests. With its eng ine idling and transmission dis-

engaged , the test vehicle was towed at approximately 1.0 mph , while a

continuous record of motion resistance was made with the same mea-
suring and recording equipment used in drawbar-pull tests.

Observations of dozer
handling and maneuverability

Generally, all operators were able to handle and maneuver the

dozers efficiently. The standard D8H and D9H were naturally the easiest

to operate. The SxS D9H dozers operated almost equally as easy because
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the two tractors had just one driver , and the controls of the tractors
were very well synchonized . The two 41B/A blade configuration was more
difficult to operate than the others because it required continuous
coordination between its two operators . However , it was considered that
this problem did not reduce the performance to any measurable extent.
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CHAPTER 4: A NA LYSIS OF DATA

The data analyzed herein includes : (a) the measured earthmoving
production rates and the effect , or lack of effect, of soil characteris-
tics on those rates ; (b) the measured maxim um blade capacities versus
the operating blade capacities ; (c) the optimized earthmoving production
rates as determined by the model presented in App endix A; (d) the com-
parisons of measured and estimated production rates; (e) the operating
efficiencies in practical application; and (f) the results of limited
drawbar pull -sl ip tests conducted with crawler tractors .

Effec ts of Soil Characteristics on
Measured Earthmoving Rates

Basic soil data and soil classification data are presented in
Table 2 and Figure 9, respectively. For a given tractor dozer, the basic
soil data were exami ned two ways in an attempt to determi ne any effects
on measured performance : first , on an individual test data basis; and
second , by combining test data according to the grouping of test areas
in the classification analysis , Figure 9. The soil values examined were
the average of the 0- to 6-in, cone index values before and after dozing,
average of the 0- to 6-in, moisture content before and after dozing ,
and average loose wet density approximating the density of the material
being dozed . Cone index and moisture content , pertinent characteristics
of the soil on which the tractor dozer traction elements were riding,
could affect traction forces , and the loose wet density of the dozed
material could influence dozing capabilities of the blade. The mea-
sured performance value of each tractor dozer was the volume of soil
moved in LCY/hr based on actual dozing time (100 percent efficiency).
On a 100 percent efficiency basis , the volume of soil moved is affected
by dozing distance ; the shorter the dozing distance , the greater the
volume moved . Results of this analysis are discussed by tractor dozers

in the following paragraphs.
D8H/S blade

The fol l owing tabulation summarizes the performance of the D8H/S
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blade and the soil characteristics of the five areas in which the blade
was tested :

Average Moisture Loose Wet
Dozing Average Cone Content of Density of

Volume of Dis- Index of 0- to 6-in. 0- to 12-in.
Test Soil Moved tance 0- to 6-in. Layer Layer
Area LCY/hr ft Layer % Dry Weight lb/cu yd
1 910 42 433 18.9 2422
2 1 326 41 336 21.8 2396
3 1355 45 247 21.8 2396

1OA 1628 28 206 18.7 1998
12A 1673 25 263 19.8 1844

Examination of the tabulation indicates a general trend of increased
earthmoving rates with decreased dozing distances and loose wet density .
The cone index and moisture content differences between areas were ap-
parently not enough to affect the earthmoving rates significantly.
D9H/Rec-U blade

The following tabulation summarizes the performance of D9H/Rec-U
blade and the soil characteristics of the five areas in which the blade
was tested :

Average Moisture Loose Wet
Dozing Average Cone Content of Density of

Volume of Dis- Index of 0- to 6-in. 0- to 12-in.
Test Soil Moved tance 0- to 6-in. Layer Layer
Area LCY/hr ft Layer % Dry Weight lb/cu yd

1 1703 63 330 18.3 2527
2 1573 46 266 18.8 2489
3 1339 41 341 22.9 2448
4 1559 51 263 18.5 2516
14 1843 31 372 16.7 1817

Examination of the tabulation shows slight changes in earthmoving rates
for areas 1 through 4 with changes in dozing distances and soil charac-
teristics; however , area 14, when compared to the other areas, presents
the expected trend of higher volume of soil moved for a shorter dozing
distance and lower loose wet density .

4lB/U blade
The following tabulation summarizes the performance of 41B/U blade
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and the soil characteristics of the two areas in which the blade was
tested :

Average Moisture Loose Wet
Dozing Average Cone Content of Density of

Volume of Dis- Index of 0- to 6-in. 0- to 12-in.
Test Soil Moved tance 0- to 6-in. Layer Layer
Area LCY/hr ft Layer % Dry Weight lb/cu yd
4 2496 51 341 16.3 2580
5 2262 45 306 19.1 2331

Examination of the tabulation does not indicate the expected treI~d of
increased volume of soil moved either with shorter dozing distances or
with l ower density of soil.
SxS D9H/U blade

The following tabulation summarizes the performance of SxS D9H/U
blade and the soil characteristics of the three areas in which the blade
was tested :

Average Moisture Loose Wet
Dozing Average Cone Content of Density of

Volume of Dis- Index of 0- to 6-in. 0- to 12-in.
Test Soil Moved tance 0- to 6-in. Layer Layer
Area LCY/hr ft Layer % Dry Weight lb/cu yçL
lB 3549 54 276 23.5 2436
3B 3041 65 164 22.1 2487
4B 2907 55 405 21.0 2184

Examination of the tabulation does not reveal any trend of increased
volume of soil moved with shorter dozing distances or with l ower
densities of soil. Test area 3B had one of the l owest cone indexes en-
countered; however , the volume of soil moved was not affected to any
significant extent by the low strength.
SxS D9H/A blade

The following tabulation summarizes the performance of the SxS
D9H/A blade at a 46-deg angle and the soil characteristics of the four

areas in which the blade was tested :
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Average Moisture Loose Wet
Dozing Average Cone Content of Density of

Volume of Dis- Index of 0- to 6-in. 0- to 12-in.
Test Soil Moved tance 0- to 6-in. Layer Layer
Area LCY/hr ft Layer % Dry Weight lb/cu yd
lA 3754 51 382 13.9 2409
2A 3056 44 241 20.6 2416
3A 3320 58 210 21.0 2395
4A 3897 44 267 18.9 2328

Examination of the tabulation indicates that there were no trends in
performance resulting from changes in soil characteristics or dozing
distances.
Two 41B/A blade

The following tabulation summarizes the performance of two 418/A
blade at angles of 40, 45, 50, and 55 deg and the soil characteristics
of the eight areas in which the blade was tested :

Average Moisture Loose Wet
Dozing Average Cone Content of Density of

Volume of Dis- Index of 0- to 6-in. 0- to 12-in.
Test Soil Moved tance 0- to 6-in. Layer Layer
Area LCY/hr ft Layer % Dry Weight lb/cu yd

4O-deg Angle

6 5590 44 272 21.1 2149
13 5348 39 449 24.1 2427

45-deg Angle

7 6231 34 383 20.0 2363
lOB 6696 34 314 19.5 2219

50-des Angle

8 6241 29 343 19.6 2203
12B 6962 33 377 12.2 2265

55-deg Angle

9 7540 31 329 19.8 2179
11 7496 29 285 18.6 2098

Examination of the tabulation shows that the data are insufficient to
draw any conclusive analysis for a specific blade angle; however , there
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is a general trend of increased earthmoving rates with increased blade
angle.

Summary discussion of
effects of soil characteris-
tics on measured earthmoving rates

The cone index and moisture content values listed in the preceding
paragraphs were values of the soil on which the tractors obtain traction
when cutting soil and floating the full blade to the discharge point.
Cone index and moisture content probably have more influence on the cut-
ting operation (not a part of this study) than the dozing operation since
greater traction is required , in most cases , to cut and fill the blade
than to move the soil to a discharge point. Hence , lack of correlations
between these soil characteristics and earthmoving rates was not
unexpected .

The loose wet density values represent the mass of soil being
moved at a given time by the dozer. The l ower the density the greater

- - the volume of soi l that can be moved in a given period of time , up to
maximum traction capacity or maximum blade capacity . Since dozing dis-
tance , along with wet density , is one of the most influential factors
affecting earthmoving production rates , it does contribute to the prob-
lem of correlations when examining one or two soil factors at the time .

The data in Figure 9 indicate that if sufficient testing had been
accomplished with a given dozer in all areas , then correlations of per-
formance versus soil parameters may have been realized . On the basis of
the gradation curves only, the areas tend to group with one group com-

prising test areas 1 , 1A , lB , 4, 4A, and 48 (curves 1 and 3) and the
other group comprising the remaining test areas (curves 2, 4, and 5).

Comparisons of Maximum Blade Capacities
and Operating Blade Capacities

The maximum blade capacities were measured during the field test

program , as shown in Tabl e 1 , and the procedures for determining these

capacities were explained previousl y on page 41. With the D8H/S blade

operating in area 1 as an example of the computation of operating blade
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capacity , values representing the volume of soil moved on each dozing
trip for each dozer were calculated as follows :

a. Average dozing (soil movement) speed = 1.90 mph (2.79 fps).
b. Average dozing (soil movement) distance = 42 ft.
c. Volume of soil moved (100 percent efficiency ) = 910 cu yd/hr

of dozing time .
d. 42 : 2.79 = 15.05 sec/dozing trip.
e. 3600 -

~ 15.05 = 239 trips/hr.
f. 910 239 = 3.81 cu yd/dozing trip.

Thus , on each dozing trip, the dozer was computed to be pushing 3.81 cu
yd of soil. When compared to the measured blade capacity of 9.0 cu yd ,
this value indicates that the dozer was operating at only 42.3 percent
of its probable capacity . Table 5 presents a sumary of the operating
blade capacities computed by this procedure for each dozer at each test
area .

Table 5 indicates that all blades were operating at less than
67 percent of maximum blade capacity with the A blades showing the
l owest efficiencies . These operating efficiencies would most likely
vary somew hat for other spoil bank configurations. The low efficiencies
could further mean , particularily for the A blades , that the techniques
used to measure maximum blade capacity may not have been entirely ade-
quate . This problem will surface again later in the analysis.

Optimized Earthn’toving Production Rates

In the feasibility study , the analytical models developed by WES
to relate performance capabilities of ground vehicles to the terrain
conditions on which they are required to perform were extended to con-
vert tractive force and speed into estimates of optimum earthmoving
rates . Appendix A discusses the extended model . Briefly, to determi ne
optimum earthmoving rates and speed , the theoretical tractive force-
speed curves (available from manufacturers for all ground vehicles ) are

adjusted to account for motion resistances due to soil-track interactions
and thereby to develop effective drawbar pull-speed curves . Following
the conversion of the theoretical tractive force-speed curves to
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Table S
Blade Capacities and Efficiencies

Maximum
Blade Blade Operating Blade Capacity Average
Angle Capacity cu yd/ Percent

Tractor Dozer deg cu yd Area Dozing Trip Efficiency

D8H/S Blade 0 9.0 1 3.81
2 5.41
3 6.08

1OA 4.53
l2A 4.16

Average 4.80 53.3

D9H/Rec -U Blade 0 14.0 1 13.51
2 9.15
3 6.94
4 10.06
14 7.20

Average 9.37 66.9

418/U Blade 0 30.0 4 17.21
5 13.79

Average 15.50 51.7

SxS D9H/U Blade 0 35.6 lB 21.39
3B 22.04
4B 17.83

Average 20.42 57.4

SxS D9H/A Blade 46 48.0 1A 19.25
2A 14.98
3A 18.24
4A 16.24

Average 17.18 35.8

Two 41B/A Blade 40 84.0 6 24.20
13 21.55

Average 22.87 27.2

45 7 23.69
lOB 27.23

Average 25.46 30.3

(Con tinued )
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Table 5 (Concluded )

Maximum
Blade Blade Operating Blade Capacity Average
Angle Capacity cu yd/ Percent

Tractor Dozer deg cu yd Area Dozing Trip Efficiency

Two 4 1B/A Blade 50 84.0 8 20.81
(Continued ) l2B 28.07

Average 24.44 29.1

55 9 25.31
11 25.24

Average 25.28 30.1
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effective drawbar pull -speed curves , the latter curves are converted
to earthmoving production -speed curves by accounting for dozing dis-
tance , dozing speed , and the density of the dozed material.

Again , using the procedures in Appendix A , the average cone index
in Table 2 for before and after dozing as the soil strength for trac-
tion , and the l oose wet density in Table 2 as the density of the dozed
material , optimum production -speed curves were computed for each tractor
tested (Figures 13 through 39). These fi gures also are used for further
analysis in the following paragraphs.

Comparisons of Measured and Estimated
Earthmoving Production Rates

This part of the analysis compares measured earthmoving production
rates at 100 percent efficiency (dozing time only) with estimated pro-
duction rates (dozing time only) determined by maximum blade capacity ,
optimum at measured speed , and optimum at optimum speed. For con-
venience , Table 6 presents a summary of production rate values used in
the analysis.

Estimated production rates
based on maximum blade capacities

For the analysis , the maximum blad e capacities were used to esti-
mate earthmoving production rates. To calculate the estimates , the
maximum blade capacity value given in Table 5 was multiplied by the num-
ber of dozing trips per hour (100 percent efficiency ) for each dozer
test. For example , the 08H/S blade operating in area 1 made 239 dozing
trips/hr , and the maximum blade capacity was 9.0 LCY; therefore, the
estimated production rate was 2151 LCY/hr , assuming maximum blade capa-
city on each tri p.

Fi gure 40 compares measured earthmoving production rates with
estimated production rates based on maximum blade capacity . Figures 13

through 39 also present both measured and estimated rates. Fi gure 40

further shows that only in one test area , with the D9H/Rec-U blade , did
the tractor dozers operate near maximum blade capacity . The overall ef-
ficiency for all tractor dozers and all tests was 53.9 percent , with the
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Table 6 
Summar~ of Earthmoving Production Rates 

sarthmov1ng ~roauction Qa1uesz CC?Znr 
Estimated Based 

on Maximum Optimum at Optimum at 
Areu ~1easured ---- Blade Capacity Measured Speed Optimum Speed 

p8H/S Blade 

1 910 2.151 2,348 2,386 
2 1326 2,205 2,360 2,443 
3 1355 2,007 2' 168 2,226 

lOA 1628 3,200 4~200 ~.2811 
i2A ~ :,7:3 3,618 3,oH3 ..>,693 

D9H Rec-U Blade 

1 1702 1,764 2,156 2,635 
2 1573 2,408 2,951 3,607 
3 1339 2,702 3,311 4,047 
If 1559 2,170 2,544 3,100 

14 1842 3,584 5,533 6,762 

418/U Blade 

4 2495 3,960 4,350 4,038 
5 2262 4,920 5,200 5,277 

SxS D9H/U Blade 

lB 3550 5,910 5,460 6,229 
38 3041 4,913 4,624 5,075 
4B 2907 5,803 5,380 5,998 

SxS D9HLA Blade 

lA 3753 6,480 4,750 6,595 
2A 3056 .6 ,912 5,040 7,571 
3A 3320 6,096 4,390 --5,687 
4A 3897 8,064 5,800 7,497 

Two 41BLA Blade (40 deg) 

6 5590 12,096 10,586 11,242 i . 
13 5344 13,608 10,777 '11 ,231 

(Continued) 

BEST AVAILABLE COPY 
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Table 6 (Concluded) 

Earthmoving Product1on Qa1ues 2 Estimated Based 
LCY/hr 

on Maximum Optimum at Optimum at Area Measured Blade Capacity Measured Speed Optimum Speed 

Two 41B[A Blade {45 deg~ 

7 6231 15,624 12,640 13,231 lOB 6698 14,280 13,000 14,090 

Two 41B/A Blade (50 deg) 

8 6242 19,908 16 '160 16,639 
l2B 6961 16' 128 13,640 14,222 ,., 

Two 41BLA Blade (55 deg} 

9 7543 19,992 15,600 15,737 
11 7497 21,336 17,200 17,472 

• 

BEST AVAILABLE COPY 



D9H/U blade having the best efficiency (66.9 percent) and the two 4lB/A

blade having the worst efficiency (40 percent). Two observations were

made : (a) the A blades seldom dozed with the blade near maximum capac-

ity , and (b) some spoil banks were not of the configuration desired for
maximum performance of the A blades . Specifically, they were too narrow
on at least the first two passes to take advantage of the 60-ft blade
width.

Estimated production based on maximum blade capacity does not take
into account dozing speed , which is an important factor when computing
loose cubic yard/hr of soil moved . For the comparison herein , it was
assumed that measured speeds were the same for both measured and esti-
mated production rates .

Optimum production
rates at measured speeds

The optimum earthmoving production rates at measured speeds are
determined from Fi gures 13 through 39 at the points of intersection of
the measured speed values and the optimum production-speed curve , e.g.,
in Figure 13 , point 3 with a production va lue of 2348 LCY/ hr. All  point
3 values were computed during the computer printing of Figures 13
through 39. Table 6 suimiarizes these values of optimum production at
measured speeds for all tests . Figure 41 shows the measured production
values versus optimum production at measured speed values for each test.
This figure also indicates that all tractor dozers were operating con-
siderably under optimum capabilities at measured dozing speeds. The

overall efficiency was 55.6 percent for this analysis; the best ef-
ficiency was 70.6 percent for the SxS D9H/A blade; and the worst
efficiency was 49.0 percent for the two 418/A blade.

Optimum production
rates at optimum speed

The optimum earthmoving production rates at optimum speeds were

computed during the computer printing of Figures 13 through 39.

Table 6 suninarizes the values of optimum production at optimum speeds

for all tests. Fi gure 42 shows the measured production values versus
optimu m production at optimum speed values for each test. The overall
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efficiency , using optimum production at optimum speed as a base, was
49.4 percent; the best efficiency was 55.1 percent with the SxS 09H/U
blade ; and the worst efficiency was 43.8 percent with the D9H/Rec-U
blade .

Figure 43 presents comparisons of estimated production rates based
on the measured maximum blade capacit ies and the optimum production at
optimum speed that depends on maximum traction capacities . The figure
also shows that the measured blade capacities made during the field pro-
gram were too low for the D9H/Rec-U blade , ,.just about right for the
D8H/S blade and both SxS 0911 with U and A blades , but too hi gh for the
two 41B/A blade . This analysis suggests that the 60-ft A blade is too
big for the two 4lB tractors .

Summary discussion of
measured and estimated
earthmoving production rates

The following tabulation summarizes the comparisons of measured
and estimated production . The three estimated values from Table 6 are
used as a reference of 100 percent efficiency to evaluate the measured
performance .

Efficiency , %
Estimated Based Optimum at Optimum at
on Maximum Measured Optimum

Tractor Dozer Blade Capacity Speed Speed Average
D8H/S blade 53.4 48.5 47.3 49.7
D9H/Rec-U blade 66.9 53.4 43.8 54.7
41B/U blade 54.5 50.5 52.4 52.5
SxS D9H/U blade 57.4 61.6 55.1 58.0
SxS 09H/A blade 51.2 70.6 51.9 57.9
Two 41B/A blade 40.0 49.0 46.1 45.0

Using this tabulation as a basis for comparing performance of the
dozers , the two SxS D9H with U and A blades performed about the same
(58.0 and 57.9 percent), and both were better than the others. The
two 418/A blade had the worst performance in terms of efficiency . Even

though its efficiency when comparing measured production with estimated

production was l ower, the fact remains that the two 4lB/A blade moved ,

on the average for all blade angles , 6513 LCY/hr of material , which was
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an 86 percent increase over the average of 3506 LCY/hr moved by the
SxS D9H/A blade.

The fact that all measured production values fall below the opti-
mum production-speed curves in Figures 13 through 39 gives some validity
to the earthmoving production model based on traction capabilities .
Also lending validity to the model are the results of the correlation
of production based on maximum blade capacity versus optimum production
at optimum speed (Figure 43). Both values are estimates of the maximu m
capabilities of the respective tractor dozers and the data fall close to
the 1:1 line. Only the blade for the two 4lB is significantly above the
line; thus , the correlation indicates that either the measured blade
capac ity is in error or the blade is too large for the maximum tractive
force available.

Application of Dozer Test Results to
Spoil Bank Reclamation

In the southeastern Kansas area where the tests reported herein
were conducted , the spoil banks were developed by overburden removal
with a dragline and a shovel. The resultant banks were parallel and uni-
formly spaced rows of equal hei ght resembling a plowed field. Reclama-
tion involves pushing the tops of the rows into the valleys between the
rows. The crest-to-crest distances of the rows varied from 40 to 120 ft
for locations within the area . Soil movement distances were relatively
short , usually less than 50 ft. This part of the report discusses an
attempt to correlate acres reclaimed with tractor horsepower require-
ments . On an areal basis the test areas were small; consequently,
a value of acres per hour of dozing time was used to correlate wi th
horsepower. Th~ area occupied by each test was determi ned by multi-
plying the length shown in Table 3 by the width after the test was
completed . The largest area leveled was 2.33 acres with the SxS D9H/A

blade on 120-ft crest -to -crest  center lines , and the smallest area

leveled was 0.29 acre with the two 4lB/A blade. Dozing time was used
instead of total operating time because the experimental A-bl ade dozers

were designed for continuous movement along the entire length of the
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spoil bank and , with relatively short test areas including turnaround
times , would be penalized unjustly.

Figure 44 shows the average acres per hour of dozing time versus
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Figure 44. Average acres per hour of dozing time versus
tractor horsepower

tractor horsepower. 
- 
Average acres per hour were used instead of acres

per hour for each test because of the scatter that occurred with in-
dividua l tests. Test areas lOA and 12A were not included in the average
for the D8H/S blade since these tests were the only ones wherein the
spoil bank crest had not been l eveled prior to the test. Average acres
per hour for the SxS 0911/A blade were low because of additional soil
rehandling as indicated by the large number of passes required to l ower
the spoil bank to the desired level. The following tabulation sum-
marizes the results of the analysis of application tests:

I
a’ 
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Average
Horse - acres/hr of Horsepower Percent

Tractor Dozer power Dozing Time* Hr/acre Efficiency**
D8H/S blade 270 0.282 957 39.5
D9H/Rec-U blade 410 0.381 1076 35.1
418/U blade 524 0.409 1281 29.5
SxS D9H/U blade 820 1.042 787 48.0
SxS D9H/A blade 820 0.761 1078 35.1
Two 4lB/A blade 1048 2.512 417 90.6

* Soil movement time only; does not include backing up time , etc.
** Based on calculated 100 percent efficiency at 378 horsepower

(hr/acre) and 120-ft crest-to-crest spoil banks (Goris and Howland ,
op. cit.).

As noted from the tabulation , percent efficiencies vary between 29.5 per-
cent for the 418/U blade and 48.0 percent , with the exception of
90.6 percent for the two 418/A blade. This efficiency seems high and
probably should be viewed with caution since the dozing times were very
short when compared with the other tractor dozers (see Table 3).

Drawbar Pull-Slip Tests

Drawbar pull-slip tests were conducted in four areas with the
0811 dozer and in one area with the D9H dozer. The data are tabulated
in Table 4 and are shown graphi cally (for first gear only) in Figures 45
and 46. Maximum drawbar pull occurred around 20 percent slip, and the
drawbar pull coefficients were 0.88 and 0.86 for the D8H and 0911 dozers,
respectively. Test data for second and third gears were not plotted
since track slips were very low prior to power stall and a curve could
not be developed . The necessary support equipment was not available
to conduct drawbar pull —sl ip tests wi th the larger tractors.

The soil strengths of the test areas were all above a cone index
of 200, where changes in soil strength have little effect on changes in
drawbar pull. The maximum drawbar pulls that were developed were con-
siderably higher than maximum drawbar pulls used in the tractive force-
soil submodel for making estimates of optimum production rates. Data
-from other field test programs were examined to determine if tests with
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other crawler tractors (rigid tracks) also produced high drawbar pulls.
Results of the data check were as follows :

Tractor Maximum Rating Cone Index *
Wei ght Drawbar Pull of

Tractor lb Coefficient 0- to 6-in, l ayer
IH500E 11 ,500 0.79 69
Cat D6C 33,130 0.87 488
Cat D7F 52,025 0.85 404

* Above an i ndex value of about 150, cone index and rating cone i ndex
are considered to be the same .

These tests revealed that the maximum drawbar pull occurred at about
20 percent slip, which is considered optimum for maximum work output as
shown in the feasibility study . The tractor performances are similar
to the ones tested in this test program.

The differences in the maximum drawbar pull coefficient used in
the tractive force-soil submodel for making the optimum production rates
estimates and the maximum drawbar pull coefficient reported here were
examined to determine if these differences would affect the results of
comparisons of measured and estimated production rates . Fi gure 47 pre-
sents comparison of the rating cone index (RCI)-drawbar pull coefficient
curves used in the submodel with those used in other crawler tractors .
As noted in Figure 46, the crawler tractors with ri gid tracks have
higher drawbar pull coefficients than the flexible-track vehic les used

in the tractive force-soil submodel . Crawler tractors with rigid tracks
have smaller road wheels and a more uniform distribution of l oading
over the track area in contact with the ground . Tractors with flexible

track are designed for higher speeds than crawler tractors. The effects
of these dif-ferences on estimates of optimum production-o ptimum speed

relations can only be determined .by drawbar pull-speed tests over a

range of soil strengths. The effects will most likely be slig htly

higher optimum production rates at slightly l ower speeds. The earth-

moving production methodology still seems to be sound .
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Fi gure 47. Comparison of the RCI~-drawbar pull coefficients in rigid-
and flexible-track vehicles

Motion Resistance Tests

Motion resistance tests were conducted along with the drawbar
pull - slip tests. The following tabulation summarizes the results of the
D8H and D9H tests during this test program and the results of tests from
other programs with crawler tractors :

Rating Cone Index
Tractor Motion Resistance of

Tractor Weight , lb Coefficient 0- to 6-in, l ayer

IH500E 11 ,500 0.085 69
Cat D6C 33,130 0.050 488
Cat 07F 52,025 0.080 404
D8H 67,800 0.098 327
D9H 92,900 0.080 287

Since motion resistances of these f ive tractors are in line wi th motion
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resistances of other vehicles used to develop the motion resistance_RC Ix
curves used in the soil submodel , adjustments are not considered
necessary.
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CHAPTER 5: CONCLUSIONS AND RECOMMENDATIONS

Conclusions

Based on the analysis , the followi ng conclusions are drawn :
a. Soil and test area characteristics (spoil bank configuration)

did not vary enough to determine their influence on tractor
dozing performance in terms of merely moving material. They
would propably have more influence on soil cutting perfor-
mance , which was not a part of this study .

b. Comparisons of measured blade capacities and operating blade
capacities show that all blades were operating at less than
67 percent of maximum capacity , and the U blades were operat-
ing at higher blade capacities than the A blades .

c. The earthmoving production model based on traction capabilities
has validity based on the fact that all measured earthmoving
production values were below the computed optimum value. Us-
ing optimum production at measured speed as 100 percent effi-
ciency , the tractor dozers efficiencies were as follows :

Tractor Dozer Percent Efficiency
D8H/S blade 48.5
D9H/Rec-U blade 53.4
41B/U blade 50.5
SxS D9H/U blade 61.6
SxS D9H/A blade 70.6
Two 41B/A blade 49.0

Average 55.9

d. The above efficiencies show that although the largest blade ,
the two 41B/A blade , has the next l owest efficiency , it moved
by far the greatest amount of material , 6513 LCV/hr. This was
an 86 percent increase over the next largest blade , the SxS
D9H/A blade .

e. Production based on maximum blade capacity shows good correla-
tion when compared wi th computed production at optimum speed
except for the two 41B/A blade. The correlation indicates
that either the measured blade capacity is in error or the
blade is too large for the maximum tractive force available.

f. Good correlations were affected between horsepower and average
acres of spoil reclaimed per hour of dozing time.

~~~. Based on the drawbar pull-slip test, the maximum tractive
force used in the earthmoving production model is too low for
crawler tractors. The effects of the l ower values are not
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considered significant; however, if the new maximum drawbar
pull values were used in the model , the optimum production
rates will be slightly higher and occur at slightly lower
speeds.

Reconinendati ons

Based on the results of this limi ted evaluation , the reconiiienda-
tions are as follows :

a. Additional reclamation tests be conducted but on different
spoil banks from those tested during this program to obtain
earthmoving production data on a variety of spoil materials
and sizes and shapes of spoil banks. Such a data base is
needed to develope a user ’s manual for reclamation purposes.

b. Carefully controlled tests be conducted to determine optimum
production rates and the optimum tractor dozer speeds to
validate the earthmoving production model .

c. A study be conducted on the effects of spoil material on the
cutting capabilities of dozer blades , and the tractive
forces required to cut soil with dozer blades .

d. Additional drawbar pull -sli p and pull-speed tests be con-
ducted on a range of tractors to develop soil-vehicle rela-
tions for tractor dozers.

e. Earthmoving performances be determined for wheeled dozers
when operating in reclaiming efforts.

f. A study be undertaken to standardize a method for determining
maximum blade capacity .
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AP PENDIX A : WES METHODOLOGY FOR OPTIMIZATION OF
DOZER PRODUCTION

The procedures developed by WES to optimize dozer production in
the reclamation of coal-mined areas are presented in this appendix.
These procedures initially take the theoretical tractive force-speed
curves furnished by dozer manufacturers , modify these curves to correct
for soil resistances , and then use the remaining drawbar pull available
to compute the productivity of the dozer in terms of loose cubic yards
per hour relative to the soil weight and the average distance the
mateia l is displaced along the dozing path . The dozer is assumed to be
equipped with a blade capable of at least moving the volume of soil
that can be pushed with available traction and to be able to move the
material in about the same manner each time , i. e. a repetitive dozing
operation in which the material is loaded in front of the blade to
bladefull and pushed about the same dozing distance each time to dispo-
sal over the side of the spoil pile. A blade-full condition is main-
tained throughout the dozing distance. Al though the techniques are
applicable to many types of dozing operations , those described herein
were used in this analysis for reclamation of parallel triangular-
shaped spoil piles with crest-to-crest distances in the range of 90-
120 ft.

Theoretical Tractive Force-Speed Curves

In the design of almost every self-propel l ed vehicle , the initial
step in determining the expected performance of the vehicle is to use
the power train characteristics selected for the vehicle to calculate ,

theoretically, the maximum tractive force the vehicle can develop with-
out any assumed inefficiencies or traction losses . The maximum tractive
force can be expressed as a function of vehicle speed , such as the curve

for a 08H tractor in Figure Al . This curve will usually not be obtain-

able in normal operations because of mechanical inefficiencies or trac-

tion losses resulting from slippage of the vehicle running gear at the
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Fi gure Al . Theoretical tractive force-speed curve for a
D8H tractor
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soil interface. Futhermore , this curve is strictly theoretical and must
be adjusted downward to compensate for the i nefficiencies in order to
determine the expected performance of the vehicle in a field environment.

Effective Drawbar Pull-Speed Curves

Empirical relations of vehicle towed motion resistance versus
speed have been developed by WES from approximately 20 years of field
testing in a variety of field conditions with a multitude of vehicles of
various sizes , shapes , and propulsion systems. The curve in Fi gure A2
was developed for use in determining the effective drawbar pull of a
vehicle in a field situation , for the theoretical tractive force of a
vehicle in each gear , less the motion resistance , determines the effec-
tive drawbar pull of that vehicle. The effective drawbar pull is then
used to calculate the total weight of soil the vehicle can move while
operating, or the production of the vehicle (Figure A3).

Production-Speed Curves

The effective drawbar pull of a vehicle at a particular speed ,
divided by the weight of soil or material reclaimed (along with soil
friction forces as soil is pushed over soil), determines the number of
loose cubic yards the tractor can move during each dozing pass. The
distance the material must be pushed during each dozing pass, or the
dozing distance , is divided by the speed of the tractor in feet per
second to calculate the number of seconds required to push the material
the dozing distance for each pass. The volume of material per pass is
then multiplied by the number of passes of the vehicle per hour of
dozing time to get the total production in loose cubic yards per hour.
Usually no efficiencies are considered in this determination in order
to get the dozer production in loose cubic yards per hour at 100 percent

efficiency (Figure A3). This value can then be easily adjusted downward

to compensate for inefficiencies of traction , operation , operator skill ,

soft soil , ang l e blades, etc. to estimate the production of the vehicle
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in a field environment. These efficiencies have been shown in field
tests to vary from about 30 to 50 percent with , of course, some varia-
tion due to the aforementioned factors. If true values of time lost by
backing up, turning around , fueling, maintenance , etc., are known , the
time of each complete pass (dozing time + nondozing time ) can be used to
divide into an hour ’s work time to determine the number of passes ex-
pected per hour and then can be multiplied by the volume of material
moved per pass to calculate the productivity per hour.

Once the estimated productivity is determi ned the length of the
job and the cost can be computed with the calculated production rates.
Some adjustments may be necessary if new operational techniques are
used , or if the material in the areas being reclaimed is being removed
from conditions other than the peak-to-peak spoil banks described pre-
viously. The value of the dozing distance is the only real value that
must be adjusted in the determi nations; otherwise, any change in speed
must be considered for the soil being moved.

Computer Program for Estimating Optimum Tractor
Dozer Earthmoving Production- Rates

A simplified flow chart and the computer ç.rogram used in estimating
optimum tractor dozer earthmoving production rates are shown in Tables Al

and A2, respectively. The program is in FORTRAN IV on the WES Honeywell
635 computer. Anyone interested in using this program may want to con-
tact WES for special input and output routines.
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TABLE Al
SIMP LIFIED FLOW CHART OF “PUSH IT” MODEL

READ VEHICL E DATA
370—5 210)

~~~~~~~~~~~HEOR ET I~AL TRA~ TIVE
FORCE-SPEED CURVE 

FINE GRAINED

I ASK FOR TERRAIN DATA (SOIL 

J 
/ 

(1880-2540)

TYPE AND STRENGTH , SLOPE)

_ _ _ _  
/

SLOPE MODEL
CALL APPROPR IA TE COARSE GRAINED (3570-3 990)

SOIL MODEL (340) K— (2580-3050) AND
_________________________ SLIP RELATION

(4030-4350)

C CURV E A DJUSTED FOR
(1) TRACT IVE FORCE SPEED

SOIL STRENGTH AND SLOPE
MUS KEG

(2) MOTION RESISTANCE (3090—3530)

L COMPUT E DRAWBA R PULL 1
VS SP EE D CURVE

(360—380)

ASK FOR DOZING DISTANC E I
AND SO I LW EIGHT J NOTE: NUMBERS INDICATE LINE

(390) NUMBERS ON COMPUTE R
LISTING IN TABLE A2

[ 

COMPUTE PRODUCTION iRATES (1010-1060)

PRINT AND PLOT
SPEE D VS DRAWBAR
PULL AND SPEED VS
PRODUCTION RATES

(1210— 1 500)

DO Y OU WANT MORE
DATA FOR ANOTHER

VEHICLE , TERRAIN , OR
_______ 

DOZING DISTANCE OR
SO IL WEIGHT ? (1530—1 610)
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Table A2
Computer Program for Estimating Pptimum Earthmoving Production

Rates for Tractor Dozers

10’SEW J ROFR O 6/M EDI B/LIN E IN.  RI ROF R O6/ME L *IB/ AR AYIN. Ri
12’ #R O FRO 6/MEII4 B/CURVEL . SUB SS . RI R OF R O 6/M E [klB/OP ENF, RI
14’ #RO FR O 6/M EEH B/PPI.. OT . SUB XX . H
I 6CP USH I T DOZ ER PE RF0 1~IA.SI CE PREDI CTIO N PR0GR ~~
18 ca*aa.....a..*****.a.a.aa..... *** .* a... a. aa...a....
20C
22C PPPP Ii U SSSS H H III 71117
24C P P U  U S  H H I I
26C PPPP U U SSS HHH1*i I I
28C P U U S H  H I I
30C P UUU SSSS H H I I I  I
32C
34C.a**..*a..**aa*aa* .a*a.aa.*a*..a..*aaa**.a* .aa.e.
I OOC TERRAI N DATA
h O C  VI~IICL.E DAT .

COMM ON / VEIILN/ VD .W .WP . GHP .HPT . TVAR. TI RPS I . it,
130 & XTL G C X . X T W , XV D . V 1 . X R D T . TP R,
140 £ GH ,xMT E . a4 ,xNA,XC F.
150 & NP . V D I . X N T
1 60C INTE 1~~AL DATA
170 COMMO N I SO IL T . CI.SLO P E, F ARY (2 .  18O ) .SA RY C 2, 180) .FOR CEC 2, 180)
180 COMMO N TFM LL.NPS .NPL
190 INTEGER I SOI LT . V D L . X C F . X G F .V 1 . X N T E . BN
200 EQUI VAL.ENCE CXT W , T W ) . ( T P R . . A T S ) , (X C F ,X G F ) . C X T P , TI RP SI )
2 10 CHARACTER IAN S~~1
220 DI M ENSION X X ( 8 0 ) . Y Y C S O ) , Z Z ( Ø O )
230 DATA L.F/0012012012012/
240 DATA BK/0377777777777/
250 00 1 1 1.180
260 FORCE(1.I) 51C
270 1 FORCEC 2.1)—BK
280 90 CALL VEH ?L T
290 91 PRI N T. TYPE IN SOIL . TY PE( 1-FG. 2 CG. 3-lLK) .CONE IN D EX AND SLOPE
300 READ 555. I SO I L.T. CI. SL .OP E
310 S0IL .STft ~—C I
320 X I N CI
330 THETA —AT ANC SLOPE / 100. )
340 CALL SOIL (SMR TFORCE . TACX. R TOV )
350 SM RS S.9IR COS ( TH E TA ) +V ~~SI t JC  THETA )
360 DO 11 I — 1 . N P S
370 F A R Y (2 , I ) FARY( 2 . I ) -SI I RS S
380 11 CONTINUE
390 92 PRINT , 1YPE IN D OZ ING DISTANCE A.ID SO I L. W EI GH T
400 REA D 555. DOZ DI ST. SO ILWT
A1 OC
420C TAft.E DATA INPUT COM PLETE
430C
440C
450C WEI GHT OF SOIL. TO DOZ E CLB / YD 3)
460C

(Conti nued)
(Sheet 1 of 11)
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Table A2 (Continued )

47OC LENGTH OF WORK KOUR ( M I N )  
-______

‘i80 W ORKMINS 6C.
49 OC
500C OVERALL DOZING EFFI CIENCY (2 )
510 EFF—100 .
520C
530C DRAW -BAR INCREASE TO PUSH SOIL MASS (2)
540 DBPIN CR 22.
550C
560C HARDEST SOIL STREN G TH (CI I RCI )
57 OC
580C DOZIN G DI STANCE (Fl)
59 OC
600 SOILLOAD- SOILWT+DBPINCR/1OO.~~S0ILwT
610C
620 WRI TE( 42. 300) LF
630 WR I TE(42.301)
640 VRI TE(-42.300) LF
650 300 FO RMATC A4)
660 301 FO RM AT (7 O ( 1 K - ) )
670 WR I TE C 42. 103)
680 103 FO RM AT (
690 & / TH EORETI CAL. TR ACT I VE FORCE’ . 18K. ‘COMPUTED SPEED. DRAW - ’.
700 £ I’ VS. SPEED CUR VE ‘. 17K .  ‘BAR PULL. AND PRODUCTIO N ’.
710 LI~/ SPEED-MPH FORCE-LBS’.14K.’ SPEED 08? PRODUC
711 £TION ’.
720 £ I’ ‘.14K. ’ -— -
721 £ — — - —  )
730 SPEEDSA ~~~0.
740 PRODMAX O.
750 KSW 1
760 DO 50 I—1 .rI P
770 IF (SARY (2.I).L.E.O.) GO TO 50
730 IFCKSW - 2) .51,50
790 KSW—KSW+ 1
800 NU N — I — I
810 GO TO SO
820 51 IF (FARY (2.I).LE.0.) GO TO 50
830 MA X— I
840 50 CONTINUE
850 DO 30 1S 1.80
860 SPEE OMPH - F L O A T C I S ) / 4 .
870 DO 13 L — M I N . M A X - 1
880 I F C SPEE~~~P H. GT. SARY ( 2 . I + 1) )  GO 10 13
890 I F C SPEE UIPH - S A R Y C 2 . I ) ) 1 3 , 1 5 . 1 4
900 13 CONTINUE
910 14 X.SPEE E1~PH
920 X L SARY C 2.1)
930 ~C2 S A RY (2 . I + 1)
940 Y 1— F A R Y ( 2 . I )

(Continued )
(Sheet 2 of 11 )
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Table A2 (Continued)

950 Y2 F A R Y ( 2 , I + 1 )
960 Y (CY2 Y1)/(X2—X1))’ (X -Xl)+Y l
970 DBP Y
980 GO TO 16
990 15 DBP— ’A RY (2 . I )
1000 16 IF (DBP.LT.FARY(2.MAJç)) GO TO 40
1010 SPEEDFPS— SPEE~~IPH~ 1.46667
1020 l.OLLJ~E D8P/SOILLOAD
1030 TIM ESECS— DOZ DI ST/ SPEEPFPS
1040 W ORK SEC S* WO RKM I NS . 60.
1050 TRI PS WORK SECS / T IN E SE C S
1060 PROD UCT - TR I PS~~V0L i~ME
1070 XX (IS) SPEEU’IPH
1080 YY ( I S) PRODUCT
1090 ZZ (IS)—DBP
1100 N IS IS
11 1 0 NPTS NPTS+1
1120 WR I TE(42 .1O1) FORCE( 2 ,IS).IFIXCFORCE ( 1.IS)),
1130 & SPEEU’IPH.I FIXCDBP+O .S) .IFIX (PRODUCT+O.S)
1140 101 FOHIATC 1H .F7.2.I17,16X .F7 .2 .I11.19)
1150 IFC PR0DUCT.LT.PRO~~44K)G0 TO 30
1160 PRO~~1AX PRO D1jCT
1170 SPEEDSA I~~SPEEOMPH
1180 30 CONTINUE
1190  40 I F ( I S .G T. NP )  GO TO 41
1200 DO 42 NL. — I S . N P
1210 42 WRI TE(42.101) FORCE (2,NL).IFIX (FORCE( t.NL)+O .5)
1220 41 VRITE (42,200) LF
1230 200 FO~~IAT(A4)
1240 WRI TEC 42. 102) PROLII AX , SPEEDSAV . SOI LS IRN
1250 NL F— MAX 0( I S.NP )
1260 NLF 54- (NLF +16)
1270 I F C N L F )  44. 44,
128 0 NL .F—NL F/ 4
129 0 WR I TE( 42 .201) (LF .L ~~1.NLF )
1300 201 FOHIAT (/CA4))
1320 44 W R I TEC 42.300) LF
1 330 VR I TE( 42. 301)
1340 WRI TE(-42.201) LF .LF
1350 CALL. PPLOTCXI(,ZZ.NPTS. , .SPEED MPH ,9.
1360 & DRAV- BAR PULL L8S .17s 6. 6)
1370 VRI TEC 42.2O1) L.F.LF
138 0 WRI TEC 42. 301)
1410 WRITE (42.201) LF.LF
1420 I’JPTSM.NIS+l
1430 XX (NPTSM).6.9
1-440 Y Y (N P T S M) - O .
1450 r4PTS—NPTSM
1 460 CALL. PM.OT (XXeYY.NPTS. ’. .SPEED MH1 .
1470 £ 9. PRODUCTION LCY/HR.17 .6,6)

(Continued)

(Sheet 3 of 11)

106

_ _ _  _ _  —  - --—~~~~~~~~ .- - - -- ---- - ------- — - 
~~~~~~~~~~~~~~~~~~~~~~ 

. . .  — - -~~~~~~~~~~~



Table A2 (Continued )

1480 WRI TEC 42, 201) LF.LF
149 0 WR I TE(42,30*)
1500 VR I TE(42,300) LF
1510 102 FO RN AT C 1H . MAX IMLfI PRODUCTI ON OF .F 8. 1.  OCCURS AT .FS. 1,
1 520 £ MPH ,/, - ON A SOIL. STRE.’~G 11-I O F . F 5 . 0 )
1530 PRINT , “00 YOU W AN T TO RW ANOTHER DOZING DISTANCE OR SOIL WE I G
1 540 £HT
1550 70 FORNATCA 1)
1560 READ 70 . I A I I S
1570 I F ( I A N S . E Q . Y ) G 0  TO 92
158 0 PRINT , “00 YOU WANT TO RtJJ ANOTHER SOIL G IOU P
159 0 READ 70, I AN S
1 600 IF (IANS.EQ .Y )G 0  TO 91
1610 PRINT, DO YOU W AN T TO RU’~ ANOT HER VEIIICLE”
1 620 READ 70, I AN S
1 630 I F ( I A N S . E Q . Y ) G 0  TO 90
1640 STO ? EN D OF JOB ”
1650 555 FO RN AT ( V)
1 660 END
1670 SUBROUTI NE SOI L ( SM R. TFORCE. TACK. R T OW )
168 0 COMM ON / V E N I N /  VD, U. VP. GH P ,H PT . IVAR. TI RP SI . IL ,
169 0 £ K m. G CX .XT W. XW D . V 1,XRD T . TPI*.
1700 & GH .XNTE . RN. XNA.XCF.
171 0 £ NIP. VD I.XNJT
1720 COMM ON I SOIL.T. CI.SLOPE. FARY (2 , 1BO) .SARY ( 2, 180) .FO RCE( 2, 180)
1730 COMMON TFM 1L,NJPS .NPL.
1740 INTEGER I SOIL.T. V D L .  Vt .  XCF .X N TE, 31. XGF
1750 EQUI VALENCE CXT W. T W ) . C T P R . A T S ) . ( X C F . X G F ) , C X T P . TI RP SI )
1760 IFL AG— 1
*770 GOTOC 10, 20. 30).ISOILT
1780 10 CALL. FGSOIL (SM R.TFORCE ,TACX.RTOW )
179 0 RET URN
1800 20 CALL CGSO IL ( SM R. TFORCE . TACK. RTO W )
*8 10 RETURN
1820 30 CALL. M KS OIL . ( SII R. TFORCE . TACK , R TO W )
1830 RETU RN
18 40 END
18 SOC
1860C
1870 C
1880 SUBROUT IN EFG SOIL . C StI R. TF ORCE , TACX , R TO W )
1890 COMMON / V E N I N /  VD. V. VP . GHP . FL PT , TVAR. TI RPSI . TL.
1900 £ X II. . G CX .XTW .XW D , Vi.  XRD 1. TPR .
*9 *0 £ GI4. XNTE. RI .XNA ,X C F ,
1920 & NP. VD I ,X NJ T
1930 COMMON I SOIL T. CI. SL OPE . FAR Y(2 , 18 O ) , S A I C ( C 2 . 180) , F ORC E C 2. 180)
1940 COMMON TFM IL ,NPS .NPL.
1950 INTEGER ISOIL.T. VD *, Vl i .XCF , XNTE , BN.XG F
*960 EQUI VALENCE (XI W. T W ) . C I P R . A T S ) . (X C F . X G F ) . (X T P , TI RP SI )
1970 DIM EN SION V K C 3 ) . U E E C 3 ) ,W F IC C 4) , W F K 2 ( 4 ) . X 1(  5. 4)

(continued)
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Table A2 (Continued )

1980 DATA WIC/50000..70000.. 100000. I, WEK.’2000.. 13500., 20000./
1990 DATA WFK/.533..033,.142,.278/.wpK2/0.,1.05,-.42.-3.jiS/
2000 DATA X1/ .544,.0463..0702..75$..82..4554..0392,.0526.671.
2010 & .71,.3885, .0265..0358, .674 ..76, .379 ..02 19, .0257. .58 5. .655
2011 £1
2020 Rd -Cl
2030 IF (VD.GT..5)GO TO 2
2040 CPF W/C 2.’XTL’TW)
2050 VF—1 .
2060 DO 11 1.1.3
2070 IF(W—WK C I))12.11 .11
208 0 11 WF—W F+.2
2090 VF—V F+.2
2100 12 TF—TW/100.
2110 GF 1.1
2*20 IP(GH .LT. 1.5)GF—1.
2*30 WL.ORBF~W /C IO.’BN’ATS)
2140 001010
2150 2 CPF CV ~ 2.)/(XTW’XW~~ XNTE)
2160 VR .W/XNA
2170 VX—VR/1000 .
2180 DO 13 1.1,3
2190 IFC WR-W MCCI))14. 1 3.13
2200 13 CSNTINUE
2210 14 VF—WFX(I)’WX +VP K2C 1)
2220 IF— C 1O .+XTW)/IOO.
2230 GF—1 .+XCE’.OS
2240 WLORBF WX/XN T
2250 10 Q..F—GdX/1O .
2260 EF—1.05
2270 IFCHPT.GT. 10.)EFaI.
2280 TX F— 1.+TVAR ’ .OS
229 0 1.MI.CCCPF ’WF ) / C  T~~~GF).WL.ORBF- CL.F)’EP’TX F
2300 14— i
2310 IFC CPF.GE.4)NI— 2
2320 IFC I FIX( VD).EQ.1)N3—N+2
2330 GOTOC 20. 20, 30, 30). NI
2340 20 VC1 1.7.+.2’~I’1I—39.2/(~ t4I+5.6)
2350 001035
2360 30 VCI 1.11.48+.2’~~II-39.2/(lM1+3.74)
2370 35 RCIX .RCI-VC I 1
238 0 flEA VAL R CIX
239 0 IF (RCIX.GT.O.)001O36
2400 REASON— l
24 1C RETUIWI
2420 36 XX—X1(1.N) +X1C2.N)~~RCIX
2430 DOW .FDOWCXX .X IC3 .N) .RCIX )
2440 cx—X 1C4 ,N )
2450 ~~P—XI (5.N)
2460 RTOW .0454 2. 307 5/C RCIX+ 6. 5)

(Conti nued)
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Table A2 (Continued )

2470 I F ( N . E Q .  3) R T O W — . 0 3 5+ . 8 6 1 /(  R C IX + 3. 249 )
2480 CF. RTO W+ DOW - CX
249 0 TACX ( CF+CX P-RTOW )’UP/W
2500 StIR- RTOW ’W
2510 TFORCE TACX ’W+SMR
2520 CAL.L.ARYMAX ( TFORCE . CF. NJ )
2530 RETU RN
2540 END
2550C

~S?OC
258 0 SUBROUTINECGSOIL( StIR. TFORCE. TACX. *110W)
259 0 COMMON /VD1 I~J / VD. U. UP. G M P ,H PT . TVAR , TI RPS I . Th.
2600 & XTh .G C X. XT W ,X W D , V1. X RDT. TPR.
2610 & GH.XNITE.a3.XNA .KCF.
2620 & NP. V D I ,X NJ T
2630 COMMON ISOIL T . CI. SL OPE . F ARY (2 ,  18 0 ) . SA R Y ( 2. 180) ,F O RCE ( 2. 180)
26’4O COMMON TPHU., NIPS.NPL
2650 INTEGER I SOILT . V Ol .  Vi .  KCF . XNTE . 81. KOF
2660 EQUI VALENCE (X T W. T W ) . ( I P R , A T 5 ) . (X C F . X G 1 ~) . (X I P , TI Rp5I )
267 0 N — i
268 0 I F C X G F . G E . 1 . ) N 1 2
269 0 I F ( I F I X ( V D ) .EQ. 1) N 3
2700 GO TO (20. 3Oa 50).N
2710 20 DOU— .695
2720 RTO W . 1
2730 001040
27 40 30 DOW . 568
27 50 RTO W . 074
2760 40 IFO R CE -(RTOW+ DOW ) ’W
2770 TACK— DOW
278 0 00107 0
279 0 50 TRFA— 5.
2800 I FC XTW/ XRDT. GE. 2.4) TRFA 2.
2810 WD F— TRF A ’XTW +XR D T
2820 CPF— .607’XTP+1 .35 ( 117.’TPR/WDF)-4.93
2830 CAF— ALOG IOC W /CPF)
2840 SF.-.35 CAF+.O526~Xt4TE+.O211’XTP+1 .587
2850 VCI 1.10.’~~SF
2860 XCI CI— VCI *
2870 REAVAL—XCI
2880 IF(XCI.GT. 0.)GOTO6O
2890 REASON I
2900 RETURN
2910 60 SFF —AL . 0C 3 10CC 1 )
2920 DO W. ( 28.87.SFF + 1O. 1.CAF _ 1 .52 .XNI I E _ .6laXT p_ 43 . 8 2 ) / I O O .
2930 CX.. 56
2940 CXP—.57475
29 50 RTOW— (22.2..92’XTP+C (ALOG 1 O(CI))’(—8.— .37’XTP)))/IOO .
29 60 I F( R TOW.L .T.  • 035) ETOW— . 035

(Continued)
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Table A2 (Continued)

2970 CF RTOW+DOW-CX
298 0 TACK—c CF4 CXP-RTOW )’WP/V
2990 70 34R.RTOW~ U
3000 TFDRCE~ TA~X’W+SMR3010 X.RTOW
3020 IFCN .EQ .3)X—CF
3030 CALLARYMAK ( TFORCE. X .N)
3040 RETURN
3050 END
3060C
3070C
3080C
3090 SUBROUTINE tI1CSOILC StIR. TFORCE. TACK . R TOW )
3100 COMMON / V E N I P I/ VD. Wi VP . GH P. KPT . TVAR. TI HP SI . it.
3110 £ XTh .GCX. X T W .X WD .Vl .XR DT. TPH.
3120 £ GH. XNT E. BN.KN AsKi..F .
3130 & NP. V D I . X N T
3140 COMMON I SOIL T. C1,$LOP E. FARY (2 . 180) .SAE Y C 2, 150) .FORCE ( 2. 180)
3150 COMMON TPHI ~L .NP S.tIPL
3160 INTEGER I SOIL. T. VD1.Vi.XCF . XNTE. BN.X GF
3170 EQUI VALENCE (XTW .TW).(TPR.,A1S).CXCF.XGF).(XTP,TI RPSI )
3180 N-i
3190 IF(I FIXCVD ).EQ .1)N—2
3200 GOTO( 20. 30),N
3210 20 VCI1.13.+.25aW ,C2.a TW,2.aXTh .XNTE
3220 GO 10 40
3230 30 VCI 1 — 13 . 4 1 .  Q7*~~/(  2. ’XTW+ 2. XUD’XNI )
3240 40 X C I — C I — V C I 1
3250 REA VN. XCI
3260 I F ( X C I . G T . 0. ) G0 TO 50
3270 REASON- i
328 0 RETU RN
329 0 50 00 TO( 60.70).N
3300 60 XX— . 1O9 1’XC I +. 5464
3310 DO W—F DO W C KX. . 192.XC I )
33 20 dX— .88
3330 CXP .95
3340 00 TO 80
3350 70 XX— .0 2258’XCI +.3537
3360 DOV — F DOW C XX . • 0307. XCI )
3370 CX .68
3380 CXP—.745
3390 80 RTO W . 0454 2. 307 5/C XCI 46. 5)
3400 CF—R TOV+ DOW-GX
3410 TFOR CE— (CF. cxP)~~v
3420 TA~~~~CP+ CKP- RT OW
3430 StI R. RTOW’W
3440 CALL. ARY IIAIC C TFORC E. CF. lJ )
3450 RETURN
3460 END
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Table A2 (Continued )

3470C
348 OC
3490C
3500 F~1ICTI ON F D O W C X I . X 2 . X 3 )
3510 F DOW X l-SQRTCX 1 X  1-X2’X3)
3520 RETURN
3530 END
3540C
3550C
3560C
357 0 SUBROUTINE A*WMAK C TFO RCE. K. NI )
358 0 COMMON / VE N I N /  VD, W ,W P , GH P.H PT . TVARS TI RPSI . IL.
359 0 a XT L. . GC X ,XT W. XU D.Vl .XRD T , TPR.
3600 & GH, XNTE . RN ,XNA .XCF .
36 10 a NI P , VD 1.X N T
3620 COMMON I SOILT , C I ,SL OP E. pAR Y (2.  180) , SA RYC2 .  180) .  FORCE( 2. 180)
3630 COMMON TRIUL.NPS .NPL
3640 INTEGER I SOIL. T. VD 1.V l .XCF . XN TE, BN~~X GF
3650 EQUI VALENCE CXT W , T W ) .C T P R . A T S ) . (X C F ~. X G F ) . C X T P .  TI RPSI )
3660 NPP .NP
367 0 J 1
3680 THETA O.
3690 TNTS TF OR CE
3700 GO TO 325
3710 5 NPL -NPP
3720 TH E TA— A TAN C SL. OPE/ 10 0. )
3730 J .2
3140 TFO RC S—TFORC E’ COS( TH ETA )
3750 NTS— TFOHCS
37 60 325 IFC FORCE ( 1. 1) .G T . LN TS) GO TO 326
377 0 I I I
3780 GO TO 419
379 0 326 DO 418 1 1 — 1 . 1 W
3800 IFC FORCEC 1.II).LE.TNTS)GO TO 417
3810 FARYCJ .1I).FORCE( 1.II)
38 20 418 SARY (J.I1)—O .
3830 $TOP”SOIL
3840 417 FARYCJ .Il)*I?ITS
3850 SARY (J.II) 0.
3860 JPR-PJP. 1
3870 419 DO 420 I Il.NP
3880 I I I I
3890 IFCII.NE.i)III.I+1
3900 Y.FORCE ( 1.I)/W-X
3910 CALL CP~~.IP(N.ThETA.Y. SLIP)
3920 FARYCJ .III) FORCE ( 1,I) COS (THETA)
3930 TENP.-~~..IP+ 1.
3940 SARYCJ .III)—FORCE( 2.I)’TE2IP
3950 420 CONTINUE
3960 IFCJ. EQ .1) GO TO S
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Table A2 (Continued)

3970 NPS NPP
3950 RETUR~I
3990 END
4000C
4OIOC
4O20C
4030 SUBROUTINE CPSL I P(N. THETA. Y. SL.I P)
4040 COMMON /VEflI NJ / VD, V. UP. GHP .HPT . TVAR. TI RPSI , it.
4050 & XIL.GCX.XTW.XWD .V1.XRDT .TPR.
4060 £ GH,XNI TE . 94.XN A.XCF.
4070 & NP. VDI,XNT
408 0 COMMON I SOIL T. CI. SL. OPE . FAR YC2 , 180) . SARY ( 2. I S O ) . F O RC E( 2. 180)
409 0 COM M ON TRI(L.NPS.NPL
4100 INTEG ER I SO I LT . VDI ,V 1 .XCF .XNTE aJ.XG F
4 110  EQ UI VALENCE (XTW. TU) .(TP R , ATS ) .(XCF .XGF ) .CX TP , TI RpSI )
4120 DIMENSI ON SLI PF G ( 4. 4) .SLI P C G (4 .1) .51 . I p t I p tC .2)
4130 DATA 5 LI P F G ’.0 2 57 , .0 i 6 i, .0 1 5 19 , .8353 , . O 733. .O 063 , .0o73~~~.7 177,
4140 a .0621 ,.02 1 ..01888 . .?794 . .084 ..016..01414 ..6697,
4150 DATA SLIPCG ’.0074..0061..00374, .578 5/
4160 DATA SLI PHK/.0585,.0106,.01336..964,. 1024..00564..01062..7564J
4170 GO TO (10.20.30),ISOILI
4180 10 SLIP FSL.IP(SLIPFG.N.Y)
4190 RETURN
4200 20 GO TO (50,60.4O).N3
4210 50 SLIP—i .704~Y— .72+SQRT (( 1.7O4 Y— .72~~~~2+.O9’y+.oo9)
4220 RETURN
4230 40 SI.IPSFSL.IPC SL.IPCG.1,Y)
4240 RETURN
4250 60 SLIP (.0O5312/(.573—Y))—.008 3
4260 RETURN
4270 30 SLIP—F5LIP ( SLIPMK4 N h Y )
428 0 RETURN
429 0 END
4300C
4310 FWCTION FSLIP(X.NJ,Y)
4320 DI M E N S I O N  X (4a 1)
4330 FSL I P X (  i.NI) Y-X (2 .N)+XC 3.N)/ (X (4.N)-Y )
4340 RETURN
4350 END
4360C
4370 SUBROUTINE VEH PL T
438 0 COMM ON /VE HI N/  YD. U. UP. GHP. H PT . IVA R. 11 BPS ! • TI..
439 0 X ii... GC X .XTW ,XVD , V1.XRDT . TPR .
4400 a GR.XNJ TE. BNbXNA.XCF .
44 10 & J P . VD I. XN T
4420 COMMON I 5011.1. CI • SLOPE. FABY C 2. 180).  SARY ( 2. 180). FO RCEC 2, 180)
4430 COMMON TFM LL ,NPS .NPL
4440 INTEGER I SOI LT. VDI . XCF .X G F .  Vi.XNT E. RN
4450 DIMENSI ON BUFFE RC 380)
4460 EQUI VALENCE C I V D , VD ) , C XT W • T W ) . C I V 1 . V 1 ) ,
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Table A2 (Continued)

4470 a C TPR. ATS . cI T R B G . 3 f l . C I N O T R .XN TE).
448 0 a (ICDTT .XCF ) . CXCF .XGF ) . CXTP .  TI RPSI )
4490 CH ARACTER V1 D 60. FIL.E ’70. FIL N 7I
4500 DATA LF/0012012 0 120i2 /
4510 16 WR I TEC 42. 105)
4520 RE ADC4 1.106) FILE
4530 EN CODEC FI LN. 107) FI L E. IHI
4540 CALL ATTA QI C 2. FIL N. 1• 0.1 STAT. BUFFER )
4550 VD 1— 1
4560 TPIIL L 1.
4570 READC 2. 120) VID
458 0 READ( 2 , 1 1O )  I DIM. I VD
4590 READ( 2 , i 1O )  I DL$. V
4600 VP— V
4610 READC 2.110) ID (Jl.OHP
4620 HPT—GHP 2000./V
4630 READC 2 .ilO) ID~M .TVAR
4640 READC 2a 110) IDIM.1i.
4650 XTL.it+3.
4660 READ( 2j 110) ID I ~I .GcX
4670 READC 2.i1O) IDIJI.XTV
4680 ICSW 1
4690 IFC I VL).EQ.1) IC SW.2
4700 I FC IC S W-1 )  ..20
4710 READC 2.11O )  I D(11. I VI
47 20 G O TO 22
47 30 20 REA DC 2 . i iO)  I DJJ~.XVD
4740 22 IF C IC S V-1 )  24. 24.
4750 READ( 2 .110)  IDIN.XRDT
4760 24 READC 2, 110) IDLIIa TPR
4770 IF(ICSV.EQ.2) REA D( 2 . 110)  IDUI.TIRPSI
4710 IF(ICSV-1) ..26
4790 READC 2.11O) ID(JI.OH
4800 26 READ(2. 110) IDLJI.ITRBG
4810 IFCICSV .EQ.2) XNTE 31
4820 IFCIC SW-1 ) 27•27.
4830 READC 2 .ilO) I DL$.XNA
4840 XNT XNA’2.
4850 00 70 28
4860 27 RZAD( 2 . 1 I O )  I DIJI.INO TR
4870 28 HZAD( 2 . 11O )  I DUI. I CDTT
4880 NP-380
4690 CALL AHAYIM (2.BUFFER.NP)
4900 DO 30 I . 1.NP . 2
4910 J C I — 1 ) / 2 4 i
4920 P ORCE C i.J ) BUPPE R (I )
4930 30 FOR CE (2.J ) BUF FE R C I + i)
4940 VRI TEC 42. 104) L F
4950 VRI TE( 42,200)
4960 200 FO III ATC7 O C 1 H — ) )
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Table A2 (Concluded )

4970 WRI TE(42,i02) LF,VID.LF.LF
4980 N NP /2
499 0 NP-N
5000 CALL. PPLOT (FORCE,0..-N. ~~~~

‘.‘ ‘. ‘SPEED MFH ’,9.
5010 £ ‘TRACTI VE FORCE L B ’. 17. 6. 6)
5020 VBX TE C 42 1)  LF ,LF
5030 201 FO1*IAT( 2A*)
5 ’  UR I TE( 42, 200)
5050 DO 32 M— 1.NP
5060 TENP—FORCE ( 1,M)
5070 FORCE( 1,M )=FORCEC 2.M)
508 0 32 FO RCE ( 2 .N)— T EN P
509 0 URITE(42, 104) L.F
5100 CALL DETACH ( 2 .ISIAT , BUFFER )
5 1 1 0  101 F03I AT (A 1)
5120 102 F03IAT( A4. V ENI C L E $ ‘.A60. 2A4)
51 30 104 FORMAT (A4)
5140 i05 FO**IAT( ’ ENTER VENIdLE NU~IE’)5150 106 F ORNA TCA 7O )
5160 107 FORMATCA7O.A1)
5170 108 PO RM AI C ’ FIL . E- .A 7O . /. ’ ATTACH STATU S- ’.012)
5180 110 F03’IAT(V)
5190 120 FORNATCT5.A60)
5200 RET URN
5210 END
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APPENDIX B: CONVERSION FACTORS, U. S. CUSTOMARY TO METRIC
(SI) AND METRIC (SI) TO U. S. CUSTOMARY UNITS OF

MEASUREMENT

Units of measurement used in this report can be converted as follows :

Multiply By To Obtain

U. S. Customary to Metric (SI)

inches 25.4 millimetres
feet 0.3048 metres
square inches 0.000645 square metres
acres 4046.856 square metres
cubic feet 0.02831685 cubic metres
cubic yards 0.7645549 cubic metres
cubic yards per hour 0.7645549 cubic metres per hour
pounds (mass) 0.4535924 kilograms
pounds (mass) per 0.5933 kilograms per cubic

cubi c yard metre
pounds (force) 4.448222 newtons
pounds (force) per 6.894757 kilopascals

square inch
feet per second 0.3048 metres per second
miles (U. S. statute) 1.609344 kilometres per hour

per hour
horsepower (550 745.6999 watts

foot-pounds per
second )

degrees (angular) 0.01745329 radians

Metric (SI) to U. S. Customary

Celsius degrees or 1.8 Fahrenheit degrees*
Ke 1 vi ns

* To obtain Fahrenheit (F) temperature readings from Celsius (C) read-
ings , use the following formula: F = 1.8(C) + 32. To obtain Fahren-
heit readings from Kelvins (K), use: F = 1.8 (K - 273.15) + 32.
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In accordance with letter from DAEN-RDC , DAEN-ASI dated
22 July 1977 , Subject : Facsimile Catalog Cards for
Laboratory Technical Publications , a facsim i le catalog
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Rush, Edgar S 
-

Limited evaluation of experimental and standard tractor
dozer blades / by Edgar S. Rush, Barton G. Schreiner,
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Experiment Station ; Springfield , Va. : available from
National Technical Information Service, 1978.
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