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SU MA'IARY 

To establish better design cri teria for earth-lined and unlined 
canals, field and laboratory studies of erosion and tractive forces cin 
fine, cohesive soil materials have been conducted under the Lower- 
cost Canal Lining programs of Fiscal  Years 1956, 1957, and 1958. 
Forty-six test reaches have been selected and data and soil materials 
from them have been partially analyzed, The test  reaches were se- 
lected from canals and laterals  that had been in operation for  a num- 
ber of years. The maximum operating discharges vary from approxi- 
mately 2 cfs to 3,000 cf s, Table 1. Three channel conditions were 
studied; these included: (1 ) canals where deposition was occuring, 
(2) stable canals, and (3)  moderately scoured canals. 

Two t r ips  were made to each site. A field inspection party 
selected the s i tes  and obtained soil samples when the canals were 
dry. The second trip was made to  obtain hydraulic data and to make 
vane shear tes ts  on the soils  when the canals were operating near 
maximum discharge , 

The soil samples were classified and tested to determine 
dry densities, unconfined compressive strengths, gradations, Atter- 
berg limits, and compaction characteristics. 

Hydraulic data were analyzed to determine velocity profiles, 
average velocities, discharge, hydraulic radius, average tractive 
forces, tractive force distributions, Manning's "n" values, suspended 
sediment concentrations, and water temperature. 

A tractive force apparatus, Appendix I, was developed in the 
laboratories and tests  were conducted on 8-inch undistrubed soil 
samples obtained from the field sites. Field data are analyzed by 
the same procedure described in General Report No. 21, Progress  
Report No. 1, March 1957, 

Data which have been fully analyzed have been plotted. Pre- 
liminary plots have resulted in development of tentative allowable 



will be of value for  design of channels through fine soils. D-ata rep- 
resenting mostly lean clays, which have been analyzed is shown with 
tentative design curves in Figures 18, 19, 20 and 21. A comparison 
of field, laboratory and design data, which havepgeen analyzed, is 
shown in Figures 22 and 23, Data from e#@&h&w - C H B J  have not been 
completely analyzed. Work is progressing and a final report pre- 
senting recommended design curves will be compiled. 

The data used in this report is limited, and does not include 
all data which will eventually be available. 

INTRODUCTION 

The investigations reported here have been conducted under 
the Lower-cost Canal Lining program of FY5 6, F Y  57, and FY58. The 
program is intended to extend over a period of several years,  and in- 
clude several earth-lined and unlined canals with a variety of soils 
types which have been subjected to different climatic and hydraulic 
conditions. The purpose of this report is to present the analyses of 
data which a re  complete at this time and is not. intended to present 
final conclusions. All methods of analysis a r e  tentative and subject 
to modification a s  more data becomes available. 

The purpose of the program is to establish better design cri-  
teria for  earth-lined and unlinec! canals. To establish the behavior of 
soils under hydraulic forces, the physical properties of the soils are  
compared to the hydraulic forces and the degree of erosion. Soils 
and hydraulic data obtained in the field a re  correlated with soils and 
hydraulic data obtained in the laboratory. - * 

Canal and lateral reaches for the study were selected by a 
field inspection party consisting of an engineer from the Earth Labora- 
tory, an engineer f rom the Hydraulic Laboratory, and a regional rep- 
resentative. Reports of the selection of the test reaches were r e -  
viewed and approved in the Canals Branch. In' 1955, nine sites were 
selected in each of Regions 7 and 2. During the summer of 1956, hy- 
draulic data were obtained f rom the sites. The selection of these si tes 
and the analysis of data obtained f rom them was reported in General 
Report No. 21, March 1957, (Progress  Report of Canal Erosion and 
Tractive Force Study, Lower-cost Canal Lhing Program). 

Additional si tes were selected and soil samples obtained from 
channels in Regions 1, 4, and 5 during the winter of 6956-57, Figures 
1 through 7. Hydraulic data were obtained from the s i tes  during the 
summer of 1957. 

During 1957, a tractive force and erosion test  apparatus w a - e  
developed in the laboratories, Appendix I. Soil samples obtained from 
the field si tes a r e  being tested in this apparatus, 



First Trip to  Sites 

The limits of each test reach selected were set by placing 
hubs, guard stakes and flags a t  the upper end, center, a d  lower end 
of the reach. 

Soil samples for  laboratory testing were taken from each test 
reach. These samples included: sack samples ,J6 -inch drive samples, 
8-inch undisturbed hand -cut samples, and sediment samples (in reaches 
where present). 

The sack samples were tested to determine the gradation, 
plastic properties , and the compaction characteristics of the materials.  
The 3-inch drive samples were tested to obtain unconfined compression 
values. The 8-inch hand-cut samples were obtained f o r  use a s  erosion 
test  specimens. 

Second Trip to Sites 

The second trip was made during the time the canals and laterals 
were operating near peak discharge. Data recorded in all test sections 
included: canal water surface slopes; the canal cross section at the mid- 
dle of the reach; velocity contours at the middle of the reach, including 
velocities near the canal boundary, where possible; the amount of sedi- 
ment being carried in suspension; the temperature of the water; the 
shear resistance of the banks and bottom of the cnnal, inplace and in 
the saturated condition; and photographs showing the condition of the 
test reaches. 

To record the canal water surface slopes, an engineer's levcl 
and a water surface gage were used. A Type A currcnt meter was 
used to  measure the velocities at 0.2 and 0.8 of the depth for  dischorge 
measurements, and a pyg~my current meter was used to measure veloc- 
ities near the boundary. A DH-48 hand sampler was used to  obtain the 
water sample for suspended sediment analysis, and a vane shear 
tester* was used to determine the in-place shear values of the soils. 

Data obtained from the field 

Records of the highest sustained flow each year for at least a 
1-week period over the past few years were obtained from the project 
offices, and cross sections of the canal, in previous years,  were ob- 
tained when available. 

Summary of Test Sites 

Short descriptions of each test reach as observed when data 
were obtained follow: 

. . 
*Design, assembly and use of a portable vane shear tester ,  

Hydraulic Laboratory Report Hyd 434, U. S. B. R., June, 1957 
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t o  38+00. Slight erosion on the banks. Thin deposits on the bottom. 
?'he section appears stable, Figure 8. 

Minidoka Project ,  Milner -Gooding Canal Stations 369+00 
to 379t00. Moderate erosion, Figure 8.  

Minidoka project ,  PA-lateral (North Side Pumping Company). 
Moderate erosion during past yea r s .  Considerable erosion on banks. 
Considerable amcunts of moss  and weeds in the canal, Figure 8 .  

Yakima Project,  P. L. No. 14 (lateral) Stations 16+55 t o  
22+30. Reach is stable,  Heavy weed growth on banks. Moss growing 
i n  lateral,  Figure 9. 

Yakima Project ,  P. L. No. 13 (lateral) Stations 149+50 to  
155+50. Reach is stable. Heavy weed growth .on banks. Moss  grow- 
ing in lateral ,  Figure 9. 

Yakima Project ,  Roza Main Canal, Mile 59.1. Slight 
erosion. Heavy weed growth on upper banks. NIoss, and aquatic 
weeds growing in  local a reas ,  Figure 9. 

Columbia Basin Project ,  WC lateral  W 27 B Stations '.' I 
21+90 to  27+90. Heavily eroded. G r a s s  and weed growth on banks of 
lateral,  Figure 10. 

Columbia Basin Project ,  WC lateral  W 26 A Stations 
374+90 to 382+90. Stable. Weed growth on banks, Figure 10. 

Columbia Basin Project ,  EL la tera l  681'5 Stations 
180+00 to 190i-00. Stable. Lateral  on verge of scouring, Figure 10. 

Repion 4 

Eden Project ,  A4eans Canal, Stations 19t17 to 29+17. 
Deposition in bottom of canal and slight erosion on side slopes, 
Figure 11 . 

Eden Project ,  Means Canal, Stations 98+00 to  106+00. 
Deposition occurring, Figure 11. Deposition f rom material eroded 
f rom side slopes. 

Eden Project,  Means Canal, Stations 260S0  t o  270+00. - 
Stable. Slight erosion on side slopes, Figure 11 . 

Eden Project ,  Eden Canal, Stations 345+00 to 352+00, 
Unlined. Stable, Figure 12. 

fiden Project ,  Eden Canal, Stations 352+170 to 359t65. 
Lined. Stable, Figure 12. 



ueposislon on canal bottom. Shght erosion on side slopes, Figure 
12. Bad erosion on sides - may be due to wind waves. 

'h 

Eden Project, Eden Canal, Stations 640+09 to 650+00. 2' 

Light deposition on bottom. Slight erosiar  on side slopes, Figure 
13. Erosion near water surface due to wind waves. 

Eden Project, Eden ~ & a l ,  Stations 829t00 to 839t00.  
Deposition occurring on bottom. Slight erosion on side slopes, Figure 
13. 

Paonia Project, F i r e  Mountain Canal, Stations 414t00 to 
424t00,  Stable, Weeds and brush growing on canal banks. A few 
rocks to  6-inch diameter were in canal bottom near toe of slopes, 
Figure 14.  

Paonia Project, F i re  Mountain Canal, Stations 643t00 to 
653+50. Slight e rospn .  Weeds and brush growing on canal bank, 
Figure 14. 6 inch -dumpedclay lining. 

Paonia Project , Fi re  Mountain Canal, Stations 13 38 to0 
to 1345-t-00. Stable, Figure 14 .  

Region 5 

Tucumcari B o i e c t ,  Conchas Canal, Stations 32 10 to0 to 
3220t00.  Deposition occurring on bottom. Slight erosion on side 
slopes due to wind waves, Figure 15 . 

" 

Tucumcari Project, Conchas Canal, Stations 3957+86 to 
3967+86. Stable. Weeds, and grass growing on banks, Figure 15 . 

Tucumcari Project,  Conchas Canal, Stations 405 1+00 to 
4061 t00.  Stable, Figure 15. Scoured about 0 .8  ' before gravel 
blanket w a s  put on canal. 

Tucumcari Prqject , Hudson Canal, Stations mile =5 
269+57 to 279t57.  Bottom stable. Heavy erosion on the side slopes, 
probably due to wind waves, Figure b 6 ,  

Tucumcari Project, Hudson Lateral, Stations 1086i00 to 
1096i00.  Stable. Heavy weed growth on side slopes above water 
line, Figure 16. 

W .  C.  Austin Project, West Canal, Stations 133t00 to 
193t00.  Slight deposition occurring, Figure 17. 

W ,  2. Austin Project, Altus Canal, Stations 794+50 to 
804+50. Stablc. Heavy weed growth on banks, Figure 17. 

W. C . Austin-Project, Ozark Zanal, Stations 31 1+00 to 
321 i-00. Slight erosion.occu~ring, Figure 17. -- 



To obtain morc closely controlled data to correbte with 
field tests ,  a laboratory tractive force testing apparatus was devel- 
oped, Appendix 1. The apparatus is being used to test the undis- 
turbed 8-inch soil samples. Results from the machine and field tes t s  
have been used to establish tentative allowable tractive force curves 
for fine cohesive soils. 

A s  shown in Appendix I, the tractive force apparatus includes 
a 35-inch-diameter tank, a variable-speed a i r  motor, a plastic Lid, 
impeller blades, pressure gage, and pressure regulator. An 8-inch 
saturated sample is placed in the apparatus and covered with 1 2  inches 
of water. The impellers a r e  started to rotate slowly, which forces 
water to flow across the soil sample, thereby creating tractive forces 
of low value. After subjecting the soil to these tractive forces for 10 
minutes, the speed of rotation is increased and this increased tractive 
force is allowed to act on the soil for another 10 minutes. This pro- 
cedure is followed until the soil begins to erode and the rpm at  this time 
is recorded. The tractive force is related to the rpm by calibration 
curves. The total time of test Is recordad, a s  is the time the machine 
operated at the speed which caused the erosion. Notes on the behavior 
of soil tested and sketches of the eroded area  z r e  included in  the data. 
Photographs taken of the soil sample before and after the test permit 
comparison of all samples tested. Upon the completion of the erosion 
test,  the soil. density and vane-shear strength a r e  determined. Sam- 
ples of the soil a r e  taken for  mechanical analysis and Atterberg Limits 
tests .  

4 - 

ANALYSIS OF DATA 

Field data a r e  analyzed by the same procedure described in 
General Report No. 2 1. 

Laboratory data have been analyzed by plotting the fundamental 
soil properties against tho critical tractive force obtained in  the labora- 
tory. The fundamental soil's properties used are: the plasticity index, 
the liquid limit, the soil clensity, and the gradation of the soil. The 
data a r e  aiialyzed by the method of deviations as described by M. 
Zzekiel in "Methods of Correlation Analysis" second edition, Wiley, 
New York, 1941. 

Analysis of a larger number of saturated soil samples pre- 
viously tested in  the Laboratory has indicated that cohesion generally 
increases a s  the plasticity index and liquid limit increases, and in  a 
direction parallel to the A-line on the standard plot used in the Unified 
Soil Classification procedure. To make the plasticity index a near func- 
tion of the liquid limit, tile graph was divided into areas,  (one a rea  is 
shown on Figure 18) which cover the range of soils tested. As the 
plasticity index is the most important measure of cohesion, the plas - 
ticity indices f rom a given a rea  on the plasticity index versus liquid 
limit graph, were plotted against the critical tractive forces obtained 
from laboratory tcsts, Figure Pfi. Only a saaatl percent of the soil 



to date. Further testing will permit the inclusions of considerably 
more data which wil l  make the final conclusions and analyses more 
definite . 

Following the method of deviations, the deviation from the 
curve, which best fitted the points of the preceeding graph, was  plotted 
against the density, Figure 20, The f iml curve was obtained by plot - 
t i n g  the deviations from the density curve versus a function'of the soil 
gradation, Figure 21. The final curve is thought to be a function of the 0 
energy needed to move the soil particles, and as the soil particles are 
small, it has a minor effect in the allowable tractive force. The pro- 
cedure for  obtaining the curves shown in Figures 19, 20, and 21 in- 
volves a series of trial  plots to arrive at the best curves for the data 
used. The first  step was to plot tractive forces against plasticity 
indices and a trial curve was drawn. Next the deviations from this 
trial curve are  plotted against the secoqd soil property (density) and a 
trial curve plotted for this property. The deviations from this curve <% 

plotted against the third sail property (gradation). The method 
was repeated by adjusting the f i r  st curve by considering the deviations 
shown in the last curve, and additional adjustments were made for the 
second and third curves. Figures 19, 20, and 21 were the result of 
sufficient number of trials so that the deviations for the point&- of 

.- , 
each soil property were comparable to each other so that whei'using :' - 

the curves the three soil properties were given comparable conkidera- 
tion. 

In using the curves, the plasticity index and liquid limit of the 
soil, for which the allowable tractive force is desired, are  first es- 
tablished. These data provide a guide to the correct series of curves 
which cover the proper area. From the first curve in the series, 
Figure 19, the plot of the allowable tractive force versus the plasticity 
index, a resulting allowable tractive force due primarily to the cohesive " :: 
forces of the soil, is determined. Proceeding to the second curve, 
Figure 20, a correction in the allowable tractive force is obtained. 
This correction is due to the density at which the soil is placed and may 
be either plus or  minus. The final curvc, Figure 21, shows the tractive 
force to add due to the energy needed to move the particles. As the soil 
particles are  small, the final curve results in relatively small correc- 
tions. For instance, if critical tractive force is desired for a soil having 
a plasticity index of 14, a liquid limit of 33, a dry density of-1 10 pcf, 
and a 70 percent size of O . O 4 ; m n ~ ,  the procedure would be: 

' 

(1) From Figure 18, determine the proper set of curves (in- 
cluded). 

(2) In Figure 19, the tractive force corresponding to a P . I. 
of 14 is 0.053 pounds per square foot. 

(3) In Figure 20, the correction shown for a dry density of 110 
pcf is H.007 pounds per square foot. 

(4) In Figure 21, the correction for the 70 percent size is 
a.002. 



force of 0.062 poundi per square foot. For vd%es higher than this 
critical value erosion of the soil would occur. 

The curves may be used in different order when desired. As 
an example, it may be desired to know the allowable tractive force on 
a given e ~ i l  at different densities, cr the density a t  which a given soil 
must be placed to withstand a given tractive force. 

ii 

~ & a l  curves will cover the tractive force range from approxi- 
mately,,0:.CO 1 to 0.1 pounds per square foot, and will be presented in t 
equation'hd curve form. Phile small tractive force differences, as  
that between 0.05 and 0.1 pounds per square foot, appear to be rela- 
tively small, a few simple calculations will show they make a con- 
siderable difference in design conditions. For  example, assume a 
canal is to be designed for the follGwing conditions: Q = 200 cfs; 
Manning's n value = 0-02; side slopes = 2:l; and bottom width divided 
by depth = 5 . If t k  canal were designed for a tractive force of 0.05 
pounds per square foot, when a tractive force of 0.10 pounds per 
square foot could have been used, it would result in the use of lower 
velocities thm permissable and in more t h~m Zc) percent over excava- 
tion. This is arrived at by the following method: 

Using the equation T = W.RS 
# 2 where T = the tractive force i n .  /ft 

R =,Area / divided by the wetted perimeter = 0.738d 
S = the slope from Manning's equation: 

- v ~ ( N ~ )  S - 
1 .49LR413 

where V = Q, Q A - m  
substituting in the abwe equation and solving for d for each case, we 
arrive at  the two cross sections needed. If freeboard is used the 
difference inquantities of materials you must over excavate per lineal 
foot becomes greater. 

Figure 22 shows a comparison of tractive for'ces computed 
from the original design of the reaches tested, and tractive forces 
which should have been used, based on critical tractive forces from 
the tentative curves. The figure shows many reaches agree closely 
with the tentative design curves, while other reaches vary consider- 
ably from them, Figure 23, which shows the critical tractive forcz as  
found from the tentative curves plotted with the average maximum sus- 
tained tractive force as derived from the field data, indicates few 
reaches shown ever reached the average critical tractive force. This 
would indicate that, except for localized scour and changes toward a 
more stable shape, these reaches were stable, or slight deposition was 
occurring in them. 

The present curves are tentative. Insufficient data have been 
analyzed to present final curves, and to locate the proper base. Lab- 
oratory and field data a re  being compared, and investigations regarding 
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In the future, the test will be used as a standard test to determine 
the erosion resistance of soils, especially those soils proposed for canal 
linings and embankments. 

Samples of soils which have been stabilized with chemical or 
other additives may also be subjected to erosion tests, thus, determining 
the benefit obtained by use of the stabilizing agent. 



Additional equipment required for this test includes two stop 
watches, one for accurate determination of the rotational velocity and 
the other for determining the time required for testing at each velocity 
increment. A thermometer for reading the water temperature, and 
various tools such as trowels, screwdrivers, etc. also are needed. 

PROCEDURE 

The procedures recommended for performing the tractive- 
force test on samples of cohesive soil a re  based primarily on experience 
gained by performing the test on granular materials during the course of 



pattern of erosion occurring in  cohesive soils differs markedly f m m  
that occurring in granular soils. Three t$al runs with cohesive soils 
were made, however, these c0nstitute:insufficient experience for an- 
ticipating all the operational problems which may arise in  connection 
with performing the test on cohesive materials. Consequently, the 
recommended procedures should be considered as tentative, and subject 
to revision pending the gaining of additional experience. The foregoing 
reservation applies particularly to some of the quantitative testing 
criteria. 

The recommended procedure together with a sample data sheet 
are presented in  the following pages. 

Preparation for Test 

Preparation of the sample involves saturation of the material 
and smoothing the surface pr ior  to beginning the test. Approximately 
1 week total immersion should be sufficient to saturate most samples. 
After removing the sample from the immersion tank, the surface should 
be smoothed off so  as to be flush with the flange of the 8-inch percola- 
tion settlement cylinder. PI trowel, putty knife, straight edge o r  other 
suitable instrument may be used for this purpose. The cylinder may 
now be placed in the sample well of the tractive-force tank. Care should 
be taken to f i l l  cracks such as those between the cylinder flange and the 
sample well cover with plasticine so  as to obtain a smooth transition 
between the floor of the tank and the surface of the sample. 

The tank may now be filled with water to the level indicated by 
the black line on the wall of the tank. At this point, the water tempera- 
ture should be taken. 

Performing the Test 

The ultimate aim: of the test is to determine in te rms  of the 
rotational velocity of the impeller blade, the tractive force required 
to cause erosion of the sample. The test procedure consists essentially 
of approaching the critical rotational velocity in systematic steps be- 
tween which the velocity is held constant over specified intervals of 
time. Rotational velocities a r e  expressed in rpm, and a r e  determined 
by counting the number of revolutions of the impeller blade occurring 
in a period of from 30 to 60 seconds as indicated by a stopwatch. A . 
second stopwatch is used to provide a continuous time record of the test. 
The rotational velocity may be set fziz-ly accurately to a predetermined 
magnitude by means of the pressure-regulator valve and pressure gage 
in accordance: with the calibration curve shown in F i y r e  2. Velocities 
should always be varied by turning the pressure-regulator valve. The 
line valve is left wide open for the duration of the test. 

The way in which the critical rotational velocity is approached 
constitutes the important par t  of the test. Increasing the velocity by 
large steps precludes the possibility of accurately determining the crit- 
ical rotational velocity. 0 x 1  the other hand, if the velocity increments 
a re  too small, excessive time is consumed in  performing the test. It is 



to a nninimum of 1 rpm, the increments becoming progressively smaller 
a s  the critical condition is approached. Between steps, the velocity 
should be increased gradually, because a sudden acceleration may pre- 
maturely precipitate an unstable condition, Upon attainment, the desired 
rotational velocity should be held constant for a period of from 5 to 10 
minu1:es before increasing the velocity another step. 

The three trial  runs with cohesive soils indicated that upon 
reaching the critical rotational velocity, erosion tended to begin quite 
suddenly and to progress rapidly. The trial samples included a sandy 
clay, a lean clay8 and a plastic clay. There should be little question a s  
to whether o r  not the critical condition has been reached. 

When it becomes apparent that the critical rotational velocity 
has been attained or surpassed, the test should be stopped. The valve 
should be closed, the tank drained, and the lid removed. The distance 
from the outer edge of the sample to the center of the eroded area should 
be measured in inches and recorded as shown on the sample data sheet. 

Summary of Procedure - 
In performing a laboratory test, it is easy to overlook details o r  

to omit steps which may have a significant bearing on the  outcome of the 
test. Errors  or omissions car, sometimes be avoided by frequent refer- 
ence to a check list which summarizes the test procedure. It is recom- 
mended that the following outline be used as such a check list. 

A. Preparations for test 

1, Preparation of sample 

a, Saturate (2 to 3 days immersion) 
b. Smooth surface of sample 
c. Place cylinder in sample well 
d. Insure smooth transition between tank floor and 

surface of sample by filling cracks with plasticine 

2. Fill tank to indicated level 

3. Take temperature of water 

$3. .Perf,~rming the test 

1. Open line valve 

2. Start Stopwatch No. 2 

3. Open pressure regulator valve gradually until gage regis- 
t e r s  3 psi (about 10 rpm) 

a. Check rpm with Stopwatch No. 1 
b. Observe sample 5 to 10 minutes, writing down 

pertinent obsenrations 





Having determined by experiment the criticdl rotational velocity 
and the distance from the outer edge of the sample at which erosion oc- 
curred, the purpose of the analysis is to determine the critical tractive 
force. 

Theory and experimental results indicate that for the conditions 
anticipated in the tractive force tank, the tractive force should be pro- 
portional to the square of the velocity of flow near the floor of the tank, 
Determination of flow velocities near the floor of the tank by means of a 
bank of Pitot tubes ahowed that the flow velocity is directly proportional 
to the rotational velocity of the impeller blade at any point along a line 
extending radially outward from the center of the tank. Consequently, it 
becomes apparent that at any point of the sample, the tractive force should 
be directly proportional to the square of the rotational velocity of the 
blade. The proportionality factor is dependent on the radial distance from 
the center of tank, which for the purlpose of the test may be more conr 

I veniently expressed as the distance from the outer edge of the sample, 
The relationship between tractive force and the rotational velocity of the 
impeller blade is expressed by the formula: 

Where To = C Vr2 
To = Tractive force in I.b/ft2 
V r  = Rotational velocity of impeller 

blade in rpm 
C = Proportionality factor dependent 

upon x - distance, which is meas- 
ured from outer edge of sample 
along a line projected toward the 
center of the tank 

The variation of C with x is shown on Figure 3. 

Upon completion of a tractive force test the critical rotational 
velocity and the x - distance are known. The critical tractive force may 
now be determined with the aid of Figure 3. Suppose for example, that 
the critical rotational velocity for a particular sample was 34 rpm, and 
that the distance from the outer edge of the cylinder to the center of the 
eroded area measwed 3 inches. According to the foregoing definitions, 
V r  = 34 rpm and x = 3 inches. The value of C in Figure 3 corresponding 
to x = 3 inches is 0.00013. Using Eq. 1, the critical tractive force would 
then be: 

TO = c v r 2  
= 0,00013 x (3412 = 0.150 lb/ft2 

Figure 4 may be used for a direct estimation of the critical trac- 
tive force. In Figure 4, the sample is divided into four zones which cor- 
respond closely: to 2-inch increments of the x - distance. Repeating the 
above example with Vr = 34 rpm and x = 3 inches, it is seen that the cen- 
t e r  of the eroded area lies in  the center of Zone 2. Entering fi'igure 4 with 
V r  = 34 rpm, the tractive force at the center of Zone 2 is seen to be 0.15 
lb/ fti! which agrees with the method based or. Figure 3. Considerfig the as- 
sumptions made in  evaluating the calibration data, i t  would seem that the 
critical tractive force can be estimated with sufficient accuracy from Fi& 
ure 4. 
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