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STUDIES OF TRACTIVE FORCES OF 
COHESIVE SOILS IN EARTH CANALS* 

SUMMARY AND CONCLUSIONS 

A field and laboratory study was made to develop a method for 
determining critical tractive forces of cohesive earth materials 
for the design of unlined-and earth-lined canals. It is desirable 
to know the critical tractive force value of proposed earth canal 
materials and to use critical tractive force a s  a criterion in 
designing earth canals. Critical tractive force is a more pre- 
cise value on which to base the design than estimated permissible 
canal velocities. When the critical tractive force value is known, 
the methods of design outlined in References ( I ) ,  (2), and (3)  
can be used to give the most efficient design for the canal. 
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~ o i l . s a m ~ l e s  were obtained f rom46,  test reaches in various sizes 
of canals and laterals constructedon Bureau projects. Soil and 
hydraulic tractive force properties w e r e  measured and computed 
in t'ne izboratory. The properties measured o r  computed were: 
critical tractive force from the hydraulic erosion machine, liquid 
limit, plasticity index, soil decsity, percent of maximum Proctor 
density, -shrinkage limit, soil gradation using the logarithmic 
probability method of analysis and unit vane shear values. 
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A multiple linear correlation was made using values of the var-  
iables obtained from the erosion and soil tests. The availability 
of an electronic digital cornputer and a program for making mul- 
tiple linear correlations made it possible to use many groupings 
of the variables, obtain their equations, and determine correlation 
coefficients. The critical tractive force is the dependent variable 
and the measured soils properties a r e  independent variables. The 
independent variables represent values obtained from standard 
tes ts  that are  easily made in the laborhtory. 

Data a r e  arranged in four zones parallel to  the "A" line on the soils 
plasticity chart. Correlations were made for data in each zone 
and for al l  data together. Some correlations within zones give the 
highest correlation coefficients. The correlations show that plas- 
ticity, gradation, and density are all important soils properties 
when considering erosion from hydraulic tractive forces. 

Seven correlations which have high correlation coefficients for all 
the data, and also for the separate zones, were selected a s  the 
beet correlations and a r e  recommended for general use. Fo r  
specific cases it may be desirable to use a correlation in a sep- 
arate zone. 

The dependent variable, critical tractive force, was measured on 
a soil erosion machine. The machine was calibrated to give criti- 
cal  tractive force values using uniform sands and gravels. The 
critical tractive forces for noncohesive sands and gravel materials 
a r e  known from many laboratory and field measurements. The 
critical tractive forces of cohesive soil samples were related to  
critical tractive forces of noncohesive sands and gravels by cali- 
bration curves described in Appendix I. 

The logarithmicprobability method of plotting and defining mechan- 
ical analysis of soils was used because it defines the properties on 
a statistical basis. This method of defining size analysis lends 
itself to  mathematical treatment better than other methods. 

Examples a r e  given showing the practical application of deter- 
mining critical tractive forces of cohesive soils for  design of 
earth canals. 



In 1950 the Bureau of Reclamation began an investigation of methods 
of improving the design of unlined canals constructed in earth mate- 
r i a l  ( )  1 / A method for designing stable channels was developed 
which was-ased on distributing the tractive forces along the side 
slopes and bottoms of the channels, s o  that the force magnitude at  all 
points on the perimeter would be sufficiently large to prevent sedi- 
ment deposits in objectionable quantities and small enough to  pre- 
vent objectionable scour. The method included the determination of 
channel slopes in coarse noncohesive materials which would result 
in a minimum of excavation. (2) P r i o r  to this study, canals in earth 
materials were designed using limiting velocities a s  the main cri-  
teria. A summary of this work is given in Reference (3). 

A similar method may be used in the design cf canals i n  cohesive 
soils when the safe tractive force for the cohesive material can be 
determined. The distribution of tractive forces around the perim- 
eter of canals i s  considered, but the rolling down effect and angle 
of repose of particles on the side slopes is not applicable for cohe- 
sive materials. The main factors considered a r e  the cohesion of the 
particles and the critical tractive forces for the cohesive mate- 
rials.  (4)(5)(6) 

The purpose of this e p o r t  is  to present a method for determining 
tractive force values which can be used in the design of canals in 
cohesive materials. 

Smerdon and Beasley(7) made a study relating the critical trac- 
tive forces of 11 cohesive soil samples, measured in a 2.5-foot 
hydraulic flume, with plasticity index, dispersion ratio, mean par- 
ticle size, and percent clay. They concluded that "the problem of 
the stability of open channels in cohesive soils can logically be 
approached on the basis of the tract.ive force theory. " For  the 
soils tested, Smercion and Beasley maintained--"the critical trac- 
tive force is best correlated with the plasticity index and the dis- 
persion ratio, altbough excellent correlation also exists with the 
mean particle, s ize and percent clay. " Correlations were made 
using only two variables a t  a time. 

Moore and Masch(8) niade tests  on cohesive earth materials to 
determine sGour resistance from hydraulic forces. Their tests  
were made with a water jet impinging on the surface of a 5-inch 
circular  sample submerged in a 3-foot-square tank. They assumed 

?/Numerals i n  parentheses--thus (1)--refer to corresponding 
i t ems  in the Bibliography. 



the depth of scour to be proportional to the logarithm of the time of 
exposure and developed other relationships for deprh of scour and a 
proportionality constant which was a measure of the rate of scour. 
Plots from their scour tests showed the proportionality factor to be 
related to the logarithm of the Reynolds number of the jet. Different 
ratios of height of jet to diameter of jet were used. The soil var- 
iables were lumped into a single constant called "the scour resist- 
ance of the sedimsnt, " and this single constant was related with 
the hydraulic variables. A rotating cylinder test apparatus for 
making scour tests was described, but no test results were given. 

Dunn(9) studied the resistance to scour of cohesive soils using 
(a) a hydraulic jet flowing vertically downward on a sol1 surface and 
(b) a vane shear test on operating canal surfaces and on laboratory 
samples taken from the field. He determined the relationship 
between the critical hydraulic shear stress of the coheeive soil 
samples and the soil strength determined from the vane shear tests. 
He indicated that the vane shear strength, and consequently the cri:- 
icai hydraulic shear stress, varied with the percent of fine parti- 
cles in the samples, the plasticity index, and the logarithmic prob- 
ability characteristics of the particle size curves. He concluded 
that (a) the most accurate method of estimating critical hydraulic 
shear stress,  for soils with plasticity index between 5 and 16, i s  
by use of his derived formula which includes the term "plasticity 
index, " (b) that predictions of critical tractive forces for cohesive 
soils can be based on the percent of silt and clay in the soil when the 
soil contains sand, and (c) that "correlation of soil properties with 
grain size gave good results in this investigation because the effect 
of changes in strength due to differences in chemical and mineral-' 
ogical content, and due to differences in soil structure, are  
accounted for by the vane test. " 

EXPERIMENTAL WORK AND DATA OBTAINED 
FROM FIELD TEST SITES 

Data Obtained - 
The 46 test reaches selected on canals and laterals of varying sise 

. 

and discharge were located in five of the seven regions of the 
Bureau of Reclamation. A search was made in each case to locate 
a straight reach of canal in cohesive soil. From each of the 
selected test reaches soil samples were obtained for making lab- 
oratory tests. The samples included disturbed samples, 3-inch 
drive tube samples, 8-inch undisturbed hand cut samples, and 
deposited sediment samples (in the reaches where deposition had 
occurred). The disturbed soil samples were used to determine 
gradation, plastic properties, end the compaction characteristics 



The tractive force apparatus includes a 35-inch-diameter tank, a 
variable speed a i r  motor. a transparent lid, impeller blades, 
pressure gage, and a pressure regulator. An 8-inch round sat- 
urated soil sample is placed in the tank with only the surface 
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of the soil materials. The 3-inch drive tube samples were used in 
unconfined compression tests. The 8-inch hand cut soil samples 
were used a s  erosion test specimens. 

During operation a t  near peak discharge of the canals and laterals  
the following data were obtained from the test sections: canal 
water surface slopes; canal cross sections at the middle of the 
reach; velocity contours at  the middle of the reach including veloc- 
ities near the canal boundary; amount of sediment being carried in 
suspension; temperature of the water; and shear resistance of the 
bank and bottom of the canal in place and in saturated condition. 
The shear resistance was determined by the vane shear tes ter  
shown in Figure 1. (1 0) 

Photographs were made of each test reach showing the condition 
of the channel, both when it was flowing at near peak discharge 
and when there was no water in the test reach. 

Water surface slopes were obtained using a water surface gage, 
Fi3re 2, and an engineer's level. Velocity measurements were 
made using a Type A current meter. A pigmy-type current meter . 
was used to measure velocities near the boundary. A DH-48 hand 
sediment sampler was osed for obtaining samples of suspended 
sediment flowing in the canal. 

Records of the highest sustained flow (maximum sustained dis- 
charge) for each year in each test section for a period of several 
years, were obtained from the project offices. It was assumed 
that the maximum sustained discharge would produce the most 
severe erosion or  would expose the earth material to the most 
severe hydraulic forces, Cross sections of each canal test reach 
were obtained and used to determine whether the original shape 
had changed during operation. 

Tractive Force Testing Apparatus 

A laboratory tractive force testing apparatus was developed to 
measure tractive forces of undisturbed samples of soil material 
obtained from each of the test reaches. Appendix I describes 
the equipment and procedures used to determine critical tractive 
forces of cohesive materials. The critical tractive force values 
obtained were used a s  the dependent variable in analyzing the 
results of this study. 



exposed on the bottom of the tank, and covered with 12 inches of 
water. The impeller i s  started, and rotating slowly, forces water 
to flow across the sample to create a tractive force of low value on 
the soil sample. After subjecting the sample to a low initial trac- 
tive force for 3 minutes, the speed of rotation is increased and the 
corresponding increased tractive force is allowed to act on the 
soil for another 3 minutes. This procedure is  repeated, raising 
the speed of rotation in steps, until erosion begins. The speed of 
rotation of the impeller in revolutions per minute is recorded at 
the time erosion begins. Incipient erosion is  judged by observa- 
tion through the transparent tank lid. The tractive force occur- 
ring on the surface of the sample, in terms of the velocity of rota- 
tion of the impeller in revolutions per minute was determined from 
calibration curves explained in Appendix I. Notes on the behavior 
of the soil undergoing the test and sketches of the eroded area a r e  
made when the sample has reached a point of general erosion. 
Photographs of the soil sample before and after the test a r e  taken 
for comparison purposes. After completion of the erosion test. 
soil density and vane shear strength a r e  determined for the sample 
in the saturated condition. Mechanical analysis and standard soils 

. Atterberg limits tests a r e  also made on the same soil sample. 

The tractive force developed when general erosion of the soil sam- 
ple begins is  considered to be the critical tractive force, and is  
the value used it, the analysis presented in this paper. 

Standard Soils Characteristics 

Soil tests, including plasticity index, liquid limit, density, grada- 
tion factors, shrinkage limit, and percent maximum density were 
performed in conformance with procedures presented in the F i r s t  
Edition of the Bureau of Reclamation Earth Manual, July 1960. (1:) 
Results are  summarized in Table 2 .  Unconfined compression tests 
were performed on a few samples but the test results indicated 
that sufficient additional information could not be obtained to justify 
continuing this test. Density values (Column 4, Table 2) were 
obtained from the tractive force test specimens after they had been 
subjected to erosion tests in the tractive force machine. Vane 
shear values (Column 10, Table 2) were obtained using a vane 
shear apparatus having a four- bladed vane 4 inches high and 
2 inches in diameter. Figure 1. (10) Vane shear tests were also 
performed on tractive force test specimens after the erosion tests 
were completed. 

Mechanical Analysis of Soils 

The logarithmic probability analysis was used to explain the grada- 
tion of the soils. In this statistical method the particle size 



The correlation coefficient is a measure of the combined impor- 
tance of the several independent factors a s  a means of explaining 
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distribution i s  assumed to follow a logarithmic normal probability 
curve. Mechanical analysis of soils can be described by deviations 
from this curve. 

A special graph ruling, developed in the Bureau of Reclamation, 
provided a simple and rapid method of determining soils charac- 
teristics in relation to the logarithmic no rna l  probability curve. 
By plotting a standard soils size analysis orr the special graph 
paper, values of M @, a @, and kl$  a r e  quickly determined. M0 
i s  a measure of the mean particle diameter. a 6 is the standard 
deviation of the sample giving a measure of the particle distribu- 
tion or  scatter of particles about the mean size, and the value of 
k'0 gives a measure of the amount of fine particles in the soil. 

In general, the mean particle size decreases a s  the value of M0 
becomes greater; a s  u @  increases the spread or  range of distri- 
bution of particles about the mean increases; and a s  k',$ becomes 
greater the percentage of fine material in the sample increases. 
These three values were used in the multiple linear correlations 
obtained from the electronic digital computer. 

A detailed description of the logarithmic probability method for  
describing the gradation of soils i s  given in Appendix 11. 

ANALYSISOF LABORATORYDATA 

Data obtained in the laboratory were analyzed by correlating the 
soils properties with the critical tractive force values obtained 
from the tractive force machine tests.  The soils properties used 
were plasticity index, liquid limit, soil density, mechanical anal- 
ysis, shrinkage limit, vane shear values, and percent of maximum 
Proctor density. 

Analysis af the laboratory data was first made i;~'lilg the method 
of deviations de~c r ibed  by M. Ezekiel ir. his book, "Method of 
Correlation Analysis. " (12 )  In this method, many hand calcula- 
tions a r e  required and a complete analysis is  very time consum- 
ing. To make the analysis of many factors more practical, an 
electronic digital computer was used. A multiple linear correla- 
tion method, programed for the computer, was adapted for this 
study. The resulting computations provided the best linear equa- 
tion, standar'd deviations from the linear equation, a correlation 
coefficient, and standard deviations for the coefficients of each of 
the variables. 



the differences in the dependent factor.  In general  for  a l inear  c o r -  
relation, the c loser  the correlation coefficient approaches unity the 
be t te r  the correlation becomes between the dependent variable and 
the independent variables.  A coefficient of 1 . 0  would show perfect  
correlation and a coefficient of zero  would show no l inear  correlation.  

Numerous correlation compu?ations were  made f o r  all  data together. 
Correlations were  also made with the s ame  data divided into zones 
which were a rb i t ra r i ly  drawn paral le l  to  the  line on the plasticity 
index-liquid l imit  char t  shown in  F igure  3. This char t  has  been 
accepted f o r  use in the unified so i l s  classification procedure and is 
a guide for  estimating the erodibility of soi ls .  The first co r r e l a -  
tions were made without using the liquid l imit  a s  a var iable .  It was 
believed that  this property would not affect the correla t ion because 
it had been included in the plasticity index factor.  

In the f l r s t  analysis,  2 1  different correlations,  Table 3, were  made 
using tractive force a s  the dependent vanab le .  Plastici ty index, 
density, gradation fac tors  k ' Q ,  u Q ,  MQ, the i r  product k ' Q o  QMQ; 
shrinkage l imit ,  vane s h e a r  strength,  and percent maximum density 
were the independent variables.  Seyen of these correlations,  Num- 
b e r s  1, 2 ,  6,  7, 9, 10, and 13, gave the highest correlation coeffi- 
clents of 0.69 to 0 . 7 4  for  all data, and also had high coefficients f o r  
the data in the separate  zones. 

It was decided ro investigate the effect of the property liquld l imit  on 
the correla t ions .  Additional multiple l inear  correla t ions  were  then 
made including the liquid l imit  a s  an independent variable. 

Because of, the computer program, it was comparatively s imple  to 
make additional correla t ions  by utilizing the initial computations 
and the a l ready punched ca rds .  Consequently, correla t ions  for  all 
of the data in  a group and for  the data divided into four zones par -  - .  

allel  to the "A" l ine on the liquid l imi t  plasticity index char t   were:^' 
made adding the variable liquid l imit .  Seventeen additional cori-e- 
lat ions were  made, Table 3A. 

Higher c o r r e l a t i m  coefficients for  all data were  obtained than for  
the f i r s t  analysis. This  showed that even though plasticity index 
is the mos t  important charac te r i s t ic  of plastic soils ,  the liquid 
l imi t  is also important.  Correla t ions  Numbers 22  through 38 include 
liquid l imi t  a s  an independent variable, Table 3A. 

With the var iable  liquid l imi t  added, the correlation coefficients f o r  
the best  seven correlations were 0.71 to  0.79. The seven c o r r e -  
lat ions,  Table 3A, which give the highest correlation coefficients 



for al l  data a r e  numbered 31, 32, 34, 35, 36, 37, and 38. The table 
below shows which varlables a r e  used to give these correlations. 

Corre- 
lation P I  Density k10 Num- 
bers  I I 

I I I 

I Dependent Varial 

PRACTICAL APPLICATION 

Percent o r r e  a- 
maxi- tion co- 

VS mum LL efficient 
for al l  

sity 

An example of the determination of a critical tractiiie force value for 
a given soil, using the multiple linear correlation method, i s  given 
below: 

Using Correlation Number 34 for all data, the general equation 
given at the top of Table 3 would be written: 

TF = -0.03414 + 0.00001 P I  + 0. 00031 D + 0.00029 k10 rQM0 
+ 0.00325 VS + 0.00004 D% + 0,00102 LL The numerical 
values a r e  taken from Table 3A, Correlation Number 34, 
where 

TF = critical tractive force for beginning general erosion 
PI = plasticity index 
D = density of the natural soil, pounds per cubic foot 
k'0 = phi skewness 
v @ = phi standard deviation 

phi arithmetic mean diameter kh 
vane shear value, pounds per square foot 

D% = percent of maximum Proctor density 
LL = liquid limit 



- - . 

D = 9i. 0 pounds per cubic foot 
k l @  = 0.60, u 0 = 3.07, Mq = 5.70, k l Q  o QMQ = 10.5 
VS = 0.90 pound per square foot 

Inserting these values in the above equation ahd solving results in 
a computed critical tractive force, T F  = 0.037 pound per square 
foot. 

If all the soil properties used in the above computation a r e  not 
known, a correlation can be chosen which includes the soil 
property data which is  available. For  the above soil, for  example, 
if only the plasticity index, density and gradztion factors were 
known, Correlation Number 38 for all data could be used to deter- 
mine a critical tractive force value. For  this case, the general 
equation at the top of Table 3 would become: 

Inserting the values for the typical plastic soil in this equation results 
in a computed critical tractive force, TF = 0.039 pound per cubic 
foot. This value is probably not quite as  reliable as  the one from 
Correlation Number 34 but the two values a r e  still  very similar. 

All of the correlations are  given in Tables 3 and 3A. Whether to 
use the correlations for individual zones o r  the ones for al l  data 
is a matter  of judgment, depending on the exact knowledge of the 
soil in question. 

A study of the correl6tions shows that the plastic properties, the 
gradation properties, and the density properties of the soils are  all 
important when determining the safe tractive force of cohesive 
soils. 
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Table 1 l b g e l o f 2  

KmER-COST CAML I(IIIIW; 
~ P O ~ P I E L D m L A B O R A l D g P s ' R I D I  

cAEALAuD-- 
:s tat lonormile:  Test : 

Sampha No. : ~ e g b n :  Project : QPalo r l a t e r a l  : at center :discharge: Soil t p  
18F- ; reach: : of reach : EPs : 

l-l:Wnldnhr :Lateral PL 10-A&@ : 33+00 : 3.79 : ML 
1-2 :Uinidohr :MilrrerCooding Canal : 374400 :1,% : ML 
1-3 :~n~do lca  :PA Lateral (Horth Side: 19+& : 67.7 : ML 

: PrPnping co.) 
1-4 :Yakinrr :PL So. 14 (Lateral) : 152+50 : 18.6 : ML 
E5 :Y&ima :PL So. 13  (Lateral) : : 18.4 : SM 
1-6 :Yakipprr :Bozs Win Csnal '59.1 : 514 : ML 
1-7 : C o l ~ & i s  Win :YC Late- M7B 2449 : 26.4 : WL 
1-8 :ColunbiS Basin :WC Lateral M6A 37&90 : 47.1 : ML 
1-9 :~omia win :EL Lateral 6&5 185+00 : 5.81: MI, 
a1 :glamsth : la~nI.I  W-2-A 6+85 : 20.2 : nE 
&2 :Manaah :labrdL M-2-A g2+3 : 5.6 : HB 
2 3  :KLsmsth :Istarsl 2-1-B 6+50 : 18.1 : SW 
&4 :glsnath :Lateral J-l3 1- : 27.4 : WL 
s5 :central valley : ~ r i a n t - ~ e r n  cenal '37.49 :2,910 : CL-CH 
2 6  :central Valley :RFant-Kern CBnal eS.82 :2,620 : CL 
2-7 : C e w t r d l  Valley :WsderaLateral32.2 : 455& : 59.1 : HL-SH 
2-8 :Central Vdlley :Went Csnal 'n.35 : 692 : s c a  
2-9 :Central Valle) .  :U¶denk Caa8l +3l.p : 468 : SC 

: M- 2 k l 7  : 289 : CL 
:HeaM 
:Beans 
:EdPn 
:Eden 
:&den 
: Edtn 
:Eden 
:Fire Mountsin 
:Fire Mountain 
:Pira muntain 

: 253 : SP 
1 S M  
: 176 : SH 
: 160 : SC-CL 
: 176 : a - S C  
: 129 : CL-sc 
: 125 : 6M 
: 86.3 : CL 
: 79.8 : CL 
: 55.2 : CL 



:Ststion or mile: 'Past : 
mbs Ro. : mgion: gmj& : or lated : at centor :biachsga: Soil type 

38F- : rectth : : of& : c i s :  - 
799-807 : 5-lr%- :condkw : =5+00 : 68.6 : 
8U-822 : 5-2:~ucttmrtsri :C!Q&UAS : =a : 57.4 : U 
80s-83.3 : 5-3..'Euaefsri :LXWAlU3 : bj6t-W : 39.0 : CL-vlth 

:Gravel Blanket 
823-832 : 5-rC:- :mrb~n 27b4-57 : 138 : CL 
833-BL1 : 5-5:hmrmcsrf :P[ulson : log1*00 : 6l.7 : SCU 
772-780 : 5-6:ii. C. -tin :West 1- : 78.5 : @L 
781-789 : 5-7% C. Austin :A%- 79PcSO : l.60 : U-CB 
190-798 : 5-8:U. C. Austin : O m  316100 : 41.2 : U-CE 
382-388 : 7-1:Wsouri B i e r  Basin:- 263- : 7'2.6 : ML 
339-39? : 7-2:ylisso~rl Bier Baain.Bartlcy 7-36 : 36-1 : WL-CL 
6 k U  : 7-3:Wwuri R i v e r  B e s b  Cswhribge : .~03+22 : 1p .5  : m a  
359-367 : p&:lllrrsonri River B s s k F r a n U i n  Rmrp ~ 5 + 5 7  : 18.0 : ffi  
350-358 : 7-5:lwmmri Ftimr Bssin:Saprior : 1053+p : 65.3 : f f i G  
368-3$% : 7 - 6 : ~ s o u r i  R i v e r  Basfa:Pmmklb 947+24 : 1 : M a  
375-38i : 7-7 :ni.~olyi R i v e r  B a s h  B t u  : 54.6 : M L G  
398-105 : pB:Missouri River Basin:ca&ridga : l24QMO : 54.6 : HLGL 



!table 2 page 1 of 4 

-, 
!EST SAMPLES Zone 2 

: 1 : 2 : 3  : 4 : 5 : 6 : 7  : 8 ,  : 9 : L O :  U : U  
Region : Sample :Moat : . : .  

and : NO. :prob : PI :Density: k> : 63 : M #  :k&S+M$.: SL :V.S.:$Mar. : LL 
reach : (BF-) ~T.F. : .. :density: 

! 1 ! 

Notes: T.F. = m a t  probable tractive force (pound per square 
foot) determined from tractive force machine 

PI s plast ic i ty  index 
k4  = phi skewness 
6+4 = phi standard deviation 

M 4 5 phi arithmetic mean diameter 
SL = shrinkage limit 
VS = vane shear-pound per square foot 
I& - liquid limit 

Wield data not obtained because of construction. 





DATA OETAnmJ FROM IdBORILIR)W 
TEST SAMPLES ?Ant 4 

: 1 : 2 : 3 :  4 : 5 : 6  : 7  : 8 : 9 :lo: ll :12 
Region r Sample :Most : 
and : No. :pmb :~.~.&nsit~i kk 1 66 1 Mp :~$~+M+:S.L. :V.S.:$ w. : LC 

reach : (XF-) :T.F. : :density: 
r 

7-5 : 351-2 :0.045:U.3: 99.5 : 1.75:1.78:6.27: 19.6 :19.6 :I.&: 69.9 :3.3 
7-7 : 375-1 :0.042: 6.7: 102.0 : 2.00:2.00:4.55: 18.2 :21.2 :1.45: 94-3 :22.1 
7-2 : 389-1 :0.0>0:K1.8: D . 9  : 1.9:2.&:6.25: 28.5 :25.1 :1.&: lcx) :29.5 
7-2 : 389-2 :o.oL2:10.9: 72.7 : 2.00:2.36:6.60: 31.2 :25.1 :1.&: 69.6 :29-1 
7-8 r 398-1 :0.0&6:10.5: 86.1 : 2.00:2.75:6.98: 38.4 :19.7 :1.50: 83.1 :28.1 
7-8 : 398-2 :o.o&: 9.9: 84.4 : 1.56:2.05:6.30: 20.2 :19.7 :I.%: 81.8 :29.2 
7-8 1 399-1 :0.053:16.0: 73.7 : 1.70:3.00:7.38: 37.6 A8.L :1.50: 70.6 :35.2 
7-3 : 406-2 :0.057:15.4: 81.6 : 1.70:3.10:7.53: 39.7 :15.2 :1.90: 79.5 :35.2 
7-3 : 'i38-1 :0.046:16.8: 76.2 : 1.10:2.02:6.56: 14.6 :21.1 :1.90: 72.9 :36.2 
2-1 : 435 :0.016: 9.9: 50.8 : 0.08:2.j4:6.44: 1.21 ~ 9 . 2  :0.61: 48.1 :29.3 
2-8 : 472 :O.O3O: 5.4: 93.2 -,O.p:3.26:4.55: 7.42 :18.4 :0.57: 86.3 :21.7 
2-9 r 478 :0.037: 4.4: ~ o . 1  : 0.60:3.01:3.67: 6.64 37.7 :0.57: 98.4 A9.5 
- 1  r 513 :0.045:12.0: 91.0 : 0.60:3.07:5.70: 10.5 1 . 1  0 85.3 :32J 
4-4 : 538 :0.050: 7.9: 103.8 : 2.00:3.08:4.76: 29.3 A6.5 :1.33: 95.7 :23.9 
4-4 : 546 :0.049:15.1: 68.2 : 1.45:3.08:5.n: 25.5 :18.7 :0.57: 65.0 :35.1 
4-4 r 547 :0.032: 6.5: 98.7 : 1.10:2.85:5.85: 18.4 :15.8 :0.&: 93.8 :25.4 
4-9 : 600 :0.044:13.3: U . 2  :-0.6 :4.5 :5.1 :-13.8 :20.2 :2.05: 99.8 :33.1 
4-9 : 601 :0.040:16.9: 81.9 :-0.28:3.lb:6.44: -5.66 :19.8 :0.98: 74.6 :36.5 
4-10 : 610 :0.0&:13.6: 96.2 : 0.4 :2.40:6.&: 6.53 i20.2 :2.30: 89.9 :s.7 
1-1 : 628 :O.Op: 4.4: 82.8 : ~.40:1.84:6.10: 15.7 :14.4 :1.15: 79-0 :22.4 
5-5 r 8%-1 :0.015: 2.5: 99.0 :4.9 :2.70:4.61:-11.2 :15.5 :1.32: 89.3 :17.9 
5-5 : 838-2 :0.025: 1.3: 104.8 : 1.4 :2.&:5.01: 18.2 :14.2 :1.32: @.O :17.6 
7-7 : 377-2 :0.027: 0 : 101.1 : 2.00:1.7l:3.57: 12.2 :13.0 :1.45: 84.0 :14.0 



!LIST MKFLm Zone 5 
1 2 ~ 3 :  4 : 5 : 6 : 7  : & : 9 :lo: U : I 2  

%ion : s=pie :%bst. : 
and : No. :pmb :P.I.:Denaity: k> : 6 4  : M q  :!-' x+H+:S.L. :V.S.:$ au. : LL 
reach : (18~-) :T.F. : :deu6ity: 



: PI : a m i t y  : k: u* M+ : ddu+l+ I : s m a x l m m  : SL VS 
COTZCLatiol l  : : "naity : a :sta*a :corrc~~ti~~ 

: b l  1 I b z  I %  ; b 3  i U 3  bl* 1 %  I b5 1r5 i b 6  g Q  669 :ul j a8 ju8 j a9 j u 9  j :deviatim::oerrieient . , 
1. ~ o n c  2 :o.cum:o.oxAK: o.orm~:o.~1o:o.oo~~7:o.w106:-o.m1~~:0.0~22: O.W23:O.W17: 

7.0- 3 :0.03~:0.w+1: 0.~52:0.0ml5:0.a~l~:0.~: o.m41:0.~3o8: 0.0319J:O.031~3: : :-0.052%: 0.03336 : 0.91 
7.0ne 4 :0.~2~:0.a)320: 0.0~)25:0.~:0.~:0.~079: 0.03366:0.03125:-0.00106:0.~%: : :-0.032M1: 0.0(*60 : 0.76 

Zone 5 :0.&25:0.CCC7: O.CW+h:O.OJ3Y:0.03530:0.00'00'78: o.W182:0.~143: 0.00037:o.~: :-0.01559: 0.00282 : 0.9 
All &ta:O.W99:0.00015: O.O~~~:O.~:O.~YI%:O.~:-O.W~~~:O.~O~: O.Wl29:o.oo4o: :-0.03654: 0.W52 : 0.66 

>. :-o.oo88a: 0.m658 : 0.72 

2. Z o m  2 :o.w3u:o.M061: , : lo.03306lo.03135l-o.~53Io.m282I o.oomlo.ao*l 
ZME j :O.WUI:O.W~~+: ' : :O.aYl&:O.W33% o.wllo:o.coj~i: O.CQ~L:O.WI~~: I o.~c~Go.~~l-o.o29371 o.mn I 0.86 : O.CW+B:O.UWZ:-0.02450: 0.035% : 0.e 
Zone 4 :O.WO3:O.W018: ~o.w~~:o.~P: 0.~324:0.~10g:-0.oo;42:0.~o81: . : o,r*3;l:o.c~x4:-o.m5~: 0.m1.4 : 0.3 
Zone 5 :0.000*:0.cXe4: :0.W533:3.W180: o.COl62:0.03143: O.CcG79:U.00099: 
~ l l  &ta:o.ooogg:0.~15: :o.cci&6i:o.W%:-c.W4:o.m095: o.mu6:o.ax168: : O.W%:O.W13:-o.&lW: 0.03555 : 0.66 : 0.00036:O~~:-0.013B: 0.00552 : 0.73 

3. Zoue 2 : : O.LXC62:0.000I.5:0.~25:0.03143: 0.rX669:0.m12: 0.002~:0.03105: :-O.oom6:O.W39: . 
Zone 3 : : 0.oxAK:0.~18:0.~18:0.03341: o.W%o.W3gr: o.mjg:o.m45: :-0.03188: o.oYI55 ; 0.83 
Zone 4 : : 0~~:0~~U:0~02199:0~W191: O.W3:0~n26$: O.aYl%:O.W115: : O.CW56:0.ma51: :-0.0978: 0.~560 : 0.61 

Zone 5 : : O.W1%O.WOU:O.W1~:0.~9: O.oooB3:O.WlE5: O.OmlO:O.Wll7: : 0.~~~6:0.00050: :-0.C6971: 0.00677 : c.80 
All data: 

: O.Mbr6:O.CW+6: 
: o.mm2:o.oooo7:o.cci&78:OO00u8: o.W3~:0.03122: 0 . ~ 3 : 0 . ~ 8 :  :-0.00883: 0.0416 : 0.23 

: 0.00018:0.OX)23: :-O.OlBT7: O.CUn9 : 0.57 

4. Zone 2 : :O.M3B:O.W168: 0.03888:0.W31: O.Wll4:0.00ll% I-O.W~@IO.WY+~~ 
Zone 3 : : 0.00031:0.00015: 0.03330: 0.035% : 0.76 :o.m556:o.cci&&: o.m535:0.0%61: 0.~347:o.wm: 
Zone 4 : 

: 0.00059:0.M061: : 0.00033:0.M024:-o.&W8: 0.00655 : 0.38 
:0.~3:0.03lE9: O.m891:0.00267: o.W+38:O.M1161: 

zone 5 : 
: O.mo75:o.w+9: : O.oOap:O.03013:-0.05061: 0 . m 7  : 0.80 

:o.m~:o.oor~o: o.rnm:o.w173: 0.~57:o.m~ 
A l l  data: no comlllt ion : O.om58:0.w+3: : O.DXY12:0.M*115:-0.033@: 0.00667 : 0.42 

5. Zpne 2 :o.ml93:o.m: :0.~353:0.W168: 0.00379:0.03333:-~.~%:o.cam: 
zone 3 :0.00169:0.m0%: 

: 0.03589:O.W3E?: : 0.01151: 0.W529 : 0.76 
:o.m57:o.~n3a6: o.am6o:o.W5: o.omjs:o.mlgg: 

zone 4 :0.~119:0.~: :o.m856:0.~1~& 0.mg89:0.03~:.0.m3l2:0.m~: : O.aYll2:0.03389: : 0.01526: 0.~636 : 0.44 
Zone 5 :o.M061:C~10X)29:~ : , :  

: o.aYl?6:0.m181: : o.mgo3: 0.03393 :. o.* 
:o.D3286:O.W32: O.CCC97:0.00217: 0.00035:0.WE6: 

All asta:o.OMI3:o.~,x: 
:-q.m:o.m34o: : 0.01~64: o.w& : 0.29 

.:o.w363:o.WlW: o.ml61:o.wlw:-o.~:oO~~: : 0.~518:O.W153: : 0.01437: 0.m684 : 0.69 

6. zcme 2 ~ o . o c & o . ~ ~  o . ~ ~ ~ ~ I o . M o I B I  :0.0303~:0.~: . . .  : 0.03320:0.03175: O.WW3:0.00017:-0.03593: 0.03339 : 0.91 Zone 3 :O.ooW:!:o.CW+o: 0 . 0 3 U ; O . ~ ~ :  :0.00037:0.00016: : 0.00232:0~W215:-0.~:0.~:-0.~: O.aYl& : 0.82 
Zone 4 :0.03183:0.~ O . ~ 7 ; 0 . ~ 5 :  :0.0rmk0.0ooog: :-0.03153:0.03115: O.m012:O.M029:-0,01935: 0.W341 : 0.95 
Zone 5 :O.W?&:O.W3: O.tw16:0.m(a3: :0.mo25:0.w: : O.M061:0.0319+: 0.00039:O.OXe9:-0.03375: 0.W26 : 0.70 
All ~~:O~a47:O.,WU:-O.woOg:O.~l3: I :O.CCCQl:O.am05: ' : : O.WM:0.03130: O.a3(YL0:0.00011:-0.00631: 0.00636 : 0.n 
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m e t  3 rf 3 

34. zcme 2 j o.w238jo.W055i 0 . ~ 2 ~ 0 . ~ 1 9 ~  
Zone 3 : O.OW46:O.W17i): O.Wlll:O.W039: 
zone 4 : o.K2B1:o.W389: O.WOz.?O.03025: 
Zone 5 :-O.WW4:0.Wu1; O.OW29:0.W023; 
All deta : O.wMl:O.W019: O.W03kO.W015: 

35. z~ne 2 1 0.~~)8i0.~053~ O.CMXI~O.W~Z~~ 
Zme 3 :4.GOXO:O.a1176: O.Wl01:O.m~; 
Zone 4 : O.W33~0.W179:4.00344:0.w047: 
Zcme 5 : O.W063:0.0042: o.Om35:O.MX)P). 
All drts  : O.W055:O.OGJ19: O.Om26:O.W017: 

36. zone 2 i 0.~231~0.h)3Mlj o.m52io.m0w~ 
Zcme 3 . 0.00017:0.W168: O.W112:0.OM39: 
Zone 4 : O.W269:O.W087: O.W019:0.oW4: 
Zone 5 :-O.DW68:O.W103: O.W02b;O.W022: 
All dmta :-O.wM8:0.00019: O.Wi):O.W015: 

n. zone 2 : 0.~3~):o.wo53: 
Zone 3 : o.W178:o.o0m: 
zone 4 : O.Wn2:O.W086: 
Zone 5 :-0.W053:0.W103: 
All data : O.W017:O.W017: 

?a. Zone 2 1 0.~268~0.0~4Bj o.00064iu.~ll~o,w~54io wlilj 
Zone 3 : O.WI45:0.W189: O.DM49:O.W016:0.W476:0.30320: 
Zone 4 : O.W279:O.WOB8: 0.W031~0.OW05:O.W648;o,OW84: 
Zone 5 : O.Om67:O.W105: 0.00044;0.M011:0.W517:0.W178: 
~ l l  Data : 0.WCn:O.WOlS: 0.W038:o cc305:O.WIL8:0 OWBB 



Tractive force o r  boundary shear may be defined a s  the force per 
unit a'rea exerted by a fluid flowing past a stationary boundary. The 
force, acting on the surface of the boundary in the direction of flow, 
is dependent on flow conditions and the roughness characteristics of 
the boundary material. In an earth canal, tractivc force is a pri- 
mary agent tending to cause erosion. 

Fo r  every earth material there is a critical tractive force o r  range 
of tractive forces above which erosion will occur and below which 
the material will remain essentially stable. 

The magnitude of this critical tractive force is dependent upon the ', 

properties of the soil, including cohesion, size and shape of soil 
particles, range and distribution of particle sizes, and various 
unknown physical and chemical properties. The deterrnin&i~n"'~" 
of critical tractive forces has, in the past, depended to a con- 
siderable extent on the judgment of the observer. In some cases, 
initial movement of individual grains has been the criterion, 
whereas in other cases the criterion has been the beginning of 
general bed movement. In calibrating the tractive force tank, the 
experimenters tended toward the latter criterion. 

During the last two decades, numerous experiments have estab- 
lished for noncohesive materials a fairly consistent relationship 
between critical tractive force and the mean diameter of particles 
composing the bed material. The majority of these experiments 
have been performed with uniform sand and gravels. However, 
no satisfactory relationship between tractive force and soil prop- 
ert ies has been obtained for cohesive materials, although it has 
been conceded that cohesive soils a r e  generally more resistant to 
erosion than a re  noncohesive soils. 

The primary purpose of this laboratory investigation was to obtain 
data to  assist  in development of canal design cri teria for  cohesive 



soils based on the tractive force theory. However, the test may 
be adopted as a standard test for determining the erosion resistance 
of soils, especially those soils proposed for use as  canal lining 
material. The test may also be used to evaluate the stabilizing 
effect of chemical or  other additives. 

TEST APPARATUS 

Description of Equipment 

The tractive force test apparatus, including tank, motor, plastic 
lid, impeller, pressure gage, and pressure regulator is shown in 
Figure 1. Water is circulated in the cylindrical tank through rota- 
tion of the impeller. The plastic lid was added to confine the water 
surface and improve visibility. Pertinent data regarding basic com- 
ponents are: 

1. Tank 

a. Diameter = 35 inches 

b. Total height = 24 inches 

c. Height from sample surface to tank top = 13-318 inches 

d. Height from sample surface to bottom of plastic lid = 
9 inches 

r. Depth of water used = 12 inches 

2. Three-blade impeller 

a. Elade width = 3 inches 

b. Blade length = 17 inches 

c. Distance from sample surface to bottom of blade = 4-112 
inches 

3. Sampie test well 

a. Width = 12 inches 

b. Length = 15 inches 

c. Depth = 10 inches 

4. Sample container is a standard 8-inch-diameter plastic 
percolation test cylinder. 



7. Pressure  regulator variable from 0 to 70 pounds per square 
inch. 

8. The power source is a converted compressed air drill. 

Additional equipment required for this test includes two stopwatches, 
one for accurate determination of the rotational velocity and the other 
ior determining the time required for testing at each velocity incre- 
ment. A thermometer for reading the water temperature and var- 
ious tools such a s  trowels, screwdrivers, etc., also a r e  needed. 

Calibration of Test Apparatus 

A bank of four pitot tubes, mounted a s  shown in Figure 2, was used 
to determine magnitude and distribution of velocities occurring near 
the surface of the sample. The sample surface was represented by 
a smooth plastic plate se t  flush witn the floor of the tank. It was 
assumed the logarithmic velocity distribution law applies in the 
immediate vicinity of the boundary. 

Static pressures were read from static pressure taps in the pitot 
tubes and at piezometer taps across the plastic lid. At given 
verticals there was close agreement between measured static 
pressures. 

Frompreliminary tests  the tendency of sand and gravel particles to 
deposit near the center of the tank indicated a secondary circula- 
tion similar ro that found in open channel flow around curves. The 
resultant direction of velocity components was checked by means 
of short lengths of string fastened at three levels at  various points 
across the sample. The levels ranged from 0 to 1-314 inches above 
the sample surface. Figure 3 shows the strings oriented along 
lines closely following a rcs  from the center of the tank. Orienta- 
tion of the strings remained essentially the same over the entire 
range of rotational velocities. It was concluded that effects of 
secondary currents were minor in compalison to primary currents. 
Pitot tubes were alined with the mean direction of flow indicated by 
the strings. 

Readings on the pressure gage were correlated with rotational 
velocities of the impeller. T i e  purpcae of this correlation was 
to provide a basis for immediate determination of rotational veloc- 
ities. Results of the correlation are  plotted in Figure 4. 

As a direct method for measuring boundary shear was not available, 
the rotational velocities required to move uniform sands and gravel 
were determined. The tractive force required to move these sands 



Figure 5 is a photograph of sands and gravels used in the tests. 
Table 1 shows their source location and size range. Results of 
these calibration tests a r e  plotted in Figure 6. 

Analysis of Calibration 

Relation of zritical tractive force to mean diameter of material 
i s  given in Figure 7. A relationship between rotational velocity 
of the impeller blade and resulting tractive force was established 
by combining calibration results shown in Figure 6 with this crit- 
ical tractive forc . The combination results in the equation 3 To = 0.000146 Vr 

where 

To = tractive force acting on sample, lb/ft 2 

Vr = rotational velocity of impeller blade, rpm 

It is apparent that tractive %rce varies with distance from the cen- 
ter  of the tank. During calibration runs with noncohesive materials, 
erosion was concentrated near the outer edge of the sample at a 
distance of approximately 1.15 feet from the center of the tank 
(1.7 5 inches from outer edge of sample). Therefore, the equation 
applies only for the radial distance (r) equal to 1.15 feet. 

As shear varies with the square of the velocity, distribution of 
shear across the sample was determined with the aid of the veloc- 
ity distribution obtained from the pitot banks. The distribution 
indicated that at r = 1.15 feet, velocity of the water near the bound- 
a ry  was approximately 0.85 times the velocity of the blade, o r  
V ,  = 0. 85 Vb. Combining equations with the Vw/Vr ratio for 
r = 1. 15 feet results in: 

and 



where 

Vw is the velocity of flow in ft lsec near the 
boundary as  determined by the pitot tubes 

lerting 

vw 2 C = 0.0140 (-1 
vr 

L and combining with the preceding equation results in To = CVr . 
C is a factor which varies with the radial distance. 

The variation of C across the sample is shown in Figure 8, in 
which the radial distance is expressed in terms of x, the distance 
in inches from the outer edge of the sample. 

Figure 9 may be used to estimate the magnitude of the tractive 
force at  any point on the sample area  for various rotational veloc- 
ities. The zones corresponding to 2-inch increments of the x dis- 
tance a r e  as  defined on the figure. It is doubtful whether the tractive . 
force should be estimated to more than two significant figures. 

TEST PROCEDURE 

The procedures recommended for performing the tractive force 
test  on samples of cohesive soil a r e  based primarily on experience 
gained from preliminary tests. Consequently, the recommended 
procedures should be considered as  tentative and subject to revision 
pending the gaining of additional experience. The foregoing reser -  
vation applies particularly to some of the quantitative testing criteria. 

The recommende~procedure  together with a sample data s h e ~ t  a r e  
presented in the following pages. 

Preparation for Test 

Preparation of the sample involves saturation of the material and 
smootiiing the surface prior to beginnicg the test. Approximately 
1-week total immersion should be sufficient to saturate most sam- 
ples. After removing the sample from the immersion tank, the 
surface should be smoothed off so  a s  to be flush with the flange of 
the 8-inch percolation settlement cylinder. A 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 fill cracks such 
a s  those between the cyIinder flange and the sample well cover 
with modeling clay in order to obtain a smooth transition between 
the floor of the tank and the sample surface. 



The tank is next filled with water to the level indicated by the black 
line on the wall of the tank. At this point, the water temperature 
is taken. 

Performing the Test 

The ultimate aim of the test is to determine, in terms of the rot I- 
tional velocity of 'he impeller blade, the tractive force required to 
cause erosion of the sample. The test  procedure consists essen- 
tially of approaching the critical rotational velocity in systematic 
steps between which the velocity is held constant over specified 
intervals of time. Rotational velocities a r e  expressed in revolu- 
tions per minute and are  determined by counting the number of 
revolutions of the impeller blade occurring in a period of from 30 
to 60 seconds as  timed with a stopwatch. A second stopwatch is 
used to provide a continuous time record of the test. The rota- 
tional velocity may be se t  fairly accurately to a predetermined 
magnitude by means of the pressure-regulator valve and pressure 
gage in accordance with the calibration curve shown in Figure 4. 
Velocities should always be varied by turning the pressme-regulator 
valve. The line valve is left open during the test. 

The way in which the critical rotational velocity is approached con- 
stitutes an Important part of the test. Increasing the velocity by 
large steps precludes the possibility of accurately determining the 
critical rotational velocity. However, if the velocity increments 
a r e  too small, excessive time is consumed in performing the test. 
It is recommended that velocity increments be varied from a max- 
imum of 5 to a minimum of 1 revolutions per minute, with incre- 
ments becoming progressively smaller a s  the critical condition is 
approached. Between steps, the velocity should be increased grad- 
ually, a s  a sudden acceleration may prematurely precipitate an 
unstable condition. Q o n  attainment, the desired rotational velocity 
should be held constant for a period of from 5 io 10 minutes before 
increasing the velocity another step. 

. 

When the critical rotational velocity is reached, erosion tends to 
begin quite suddenly and to progress rapidly. This i s  true for sandy 
clay, lean clay, and plastic clay. There should be little question a s  
to whether or not the critical condition has been reached. 

When it becomqs apparent that critical rorational velocity has been 
attained or  surpassed, the test should be stopped. The valve should 
be closed, the tank drained, and the l id removed. The distance 
from the outer edge of the sample to the cent& of the eroded area  
should be measured in inches and recorded a s  shown on the sample 
data sheet. 



In performing a laboratory test, i t  is easy to overlook details o r  
to omit steps which may have a significant bearing on the outcome 
of the test. E r ro r s  o r  omissions can sometimes be avoided by 
frequent reference to a check list which summarizes test proce- 
dures. It is recommended the following cutline be  used as  such a 
check list. 

A. Preparations for  test  

1. Preparation of sample 

a. Saturate (1-week immersion) 

b. Smooth surface of sample 

c. Place cylinder in sample well 

d. Insure smooth transition between tank floor and sur- 
face of sample by filling cracks with modeling clay 

2.  Fill tank to indicated level 

3. Take temperature of water 

B. Performing the test 

1. Open line valve 

2. Start Stopwatch No. 2 

3. Open pressure regulator valve (gradually until gage 
registers 3 pounds per square inch) ( about 10 revolutions 
per minute) 

a. Check revolutions per minute with Stopwatch No. 1 

b. Observe sample 5 to 10 minutes, writing down pertinent 
observations 

c. Record cumulative'tine registered on Stopwatch No. 2 
and increase velocity gradually to next step 

4. Repeat Step 3, each time increasing the velocity by incre- 
ments varying from 5 down to 1 revolutions per minute, as 
many times a s  necessary until critical condition is reached 
and general erosion begins 

5. Record time on Stopwatch No. 2, shut off valve, drain 
tank, and remove lid 



SAMPLE DATA SHEET 

Revs. / 
secs.  

1 0 i 5 6 . 0  

10155.4 

10141.3 

10 /41 .0  

10131.1 

10 132.0 

20152.2 

20151. 9 

20148.8 

20148.8 

20145.8 

ZOl46.O 

20143. 8 

Material Description- - CL Mod. Plasticity 
Laboratory Sample t o .  
Temperature, 16.5 C 

V r 
rpm 

10.7 

- 
14.5 

14.6 - 
19. 3 

18. 8 - 
23.0 

23. i - 
24. 6 

24.6 - 
26. 2 

26.1 - 
27.4 

27. 5 

- 
P 

psi - 
3.0 

- 
4.0 

- 
6.0 

- 
8.0 

- 
9.0 

- 
10.0 

- 
10.8 

- 

Observations 

No perceptible movement 

Not much change. A few loose sand 
particles leaving at first. Surface 
of sample still stable 

No significant change. A few 
loose sand particles left at 
first - 

No perceptible movement. All 
loose sand particles seem to have 
left 

No perceptible change 

No perceptible change 

Surface of sample appeared stable at 
first. Small chunk broke loose after 
3 minutes. Chunks continued to leave. 
Water becoming cloudy. Sizable 
cavity formed after 5 minutes at this 
speed. Past critical tractive force. 
Test stopped after 6 minutes 

Critical V, = 27 rpm 

I 



be dete"rmined with the aid of Figure 9. Suppose, for example, the 
critical rotational velocity for a particular sample was 34 revolutions 
per d n u t e ,  and the distance from the outer edge of the cylinder to 
the center of the eroded area  measured 3 inckies. According to the 
foregoing definitions, Vr, = 34 revolutions per minute and x = 3 
inches. The value of C in Figure 8 corresponding to x = 3 inches 
is 0.00013. Using Equation 1, tine critical tractive force would then 
be: 

To = CV, 2 

Figure 9 may be used for a direct estimation of the critical tractive 
force. In Figure 9, the sample is divided into four zones which 
correspond closely to 2-inch increments of the x - distance. Repeat- 
ing the above example with V = 34 revolutions per minute and 
x = 3 inches, it is seen that &e center of the eroded area  lies in 
the center of Zone 2. Entering Figure 4 with V = 34 revolutions 
per minute, the tractive force at the center of zone 2 is seen to be 
0.15 pound/foot2 which agrees with the method based on Figure 8. - 
Considering assumptions made in evaluating calibration data, it 
would seem the critical tractive force can be estimated with suf- 
ficient accuracy from Figure 4. 



Source 

Clear Creek 

Clear Creek 

Clear Creek 

Color ado River 

Clear Creek 

Color ado River 

Clear Creek 

Color ado River 

Clear Creek 

Colorado River 

Particle diameter, 
mm 

0.59- 0.71 

1.19 - 1.41 

Table 1 

SANDS AND GRAVELS USED IN CALIBRATING 
TRACTIVE FORCE TANK 



A i r  supply .-, 
' 4 L k z  mlve -., \A 

Pressure yoye -. 

\ . i 
/ , I 

Pressure yoqe' 

,-Plus f ic lid 

i 
TRACTIVE FORCE FIELD AND LABORATORY STULIY 

TRACTIVE  FORCE TEST TANK I 



Figure 2 

TRACTIVE FORCE r"IELD AND LABORATORY STUDY 
ARRANGEMENT FOR CALIBRATING TRACTIVE 

FORCE TANK 



Figure 3 
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DESCRIPTION OF MECHANICAL ANALYSIS OF 
SOILS USED IN TRACTIVE FORCE STUDY 

Particle sizes of cohesive soils are  not uniform. Generally, a 
sample is analyzed and the results are  plotted cn standard paper 
a s  percent in weight passing a given sieve size versus particle 
size. By inspection, it i s  intuitively felt there i s  some law which 
governs the variability of sizes. Listing a few generalities regard- 
ing a given soil sample, we find: 1. Particle sizes a r e  usually con- 
fined to a certain range. 2 .  Some size intervals contain many 
grains, while other size intervals contain only a few grains. 
3.  There is always one size interval which contains the largest 
number of particles. 4. For  all other size intervals there  ill 
be fewer particles, their numbers decreasing toward the ends f- 
the size ranges. A mathematical law which describes these gen- '--= 

eralities is immediately recognized as the mathematical probabil- 
ities normal density f~mction o r  normal frequency curve (1)". The 
problem i s  to Find a fast and convenient way of expressing this law 
with regards to size analysis. While the function may be expressed 
in several ways, one given by Krumbein (2)  in terms of the ordinate 
y and the independent variable x is 

4,-Mx) 2 - 
L 

e 
2 6, 

1 . . . . . . . . . . (i) 
Y = T n  Ti 

where MI, is the arithnletic mean of the x values and u is thelr 
standard deviation. A general d o t  of a curve of this nature is shown - 
in Figure 1. 

By general observations, we see  that i f  the number of 
belonging to a general area is  large., the effect of a misclassifica- 
tion of a particle is  small. However, i f  the number of particles 
belonging to an area  is very s m a l l ;  a s  i s  the case near the ends of 
the curve, the effect of misclassification of 'a particle may beve ry  
large. We-also note that the Ncrmal Frequency Curve i s  beli shaped 

. ~ and symmetrical about its mean value, Mx. 

+Numbers in pa ren thes s  refer  to Bibliography at end of Ap 



0 = -log2[ . . . . . . . . , . . . . . . . (2) 

where 

< = the d i ame te r  in m m  

0 = a new var iable  = the negative log2 of t 
hI 0 = its ar i thmetic  mean (the pni mean) 

a 0 = its s tandard deviation (the phi standard deviation) 

These were  substituted into Equation 1, and a normal  phi curve  was  
defined a s :  -(0 - M ~ P  

2 6 6 2  i 

Krumbein then t r ea t s  this  curve simiilar to  the  Gaussian curve  
(Normal  Frequency Curve). The negative logarithm to  the Base  2 
was chosen to  simplify the geometr ic  grade scales ;  i .  e . ,  if c l a s s  
intervals  a r e  of the  range 2-1, 1-112, 1 / 2 - 1 4  114-118 mil l imeter ,  
e t c . ,  then -log2 2 = -1, -log2 1 = 0 ,  -log2 112 = +1, -log2 114 = t 2 ,  ,: 

etc. The negatlve log was used in the  definition of 0 becau<;e t h e r e  
a r e  m o r e  fine-grained than coarse-grained soils .  

Using the idea of Krumbein, a n d  a method presented by Otto (5), the ,. 

Hydraulic Laboratory designed a modified logarithmic probability 
graph f o r  the  interpretation 01 mechanical  analyses of sediments  
in 1950. The mechiinical analysis shown on Figure  2, is plotted a s  
Curve 1, on a sheet of the  special  graph paper  in  F igure  3 .  The 
curve jn F igure  3 is plotted in  a manner  s i m i l a r  to  that  in  F igure  2; 
the sieve s ize ,  o r  geometric me& diameter  is plotted against the  
percentage f iner  o r  percentage coa r se r .  The percentage f iner  o r  
c o a r s e r  sca le  is a probability sca le  and the geometric mean s i ze  
a logarithmic scale .  The method of de te rmin ing-parameters  from 
the graph paper  follows. 



To Obtain Mb: (phi arithmetic mean diameter) 

Draw a straight line AB connectiq the intersections of the fitted 
culve and the 1 5 . 9  and 84.1 percent dotted lines. 68.2 percent 
of the weignt of the material falls between the values 15. 9 to 84. 1. 
This i s  the range for one standard deviation each side of the geo- 
metric mean o r  two standard deviations. Where the 50 percent line 
crosses the line AB, draw a horizontal line CD intersecting the 
diameter scale used i? plotting the analysis. Read off the value 
of M = 1.11, on the arithmetic phi scale and the corresponding 
geometric mean diameter, 0. 469 millimeter, from the geometric 
scale. 

6 i s  any diameter defined by the expresssion 
6 = -log2 $ where [ is the diameter 

in m i  llmeters . 

To Obtaln Do: (phi standard deviation) 

Draw a line HF parallel to AB through the center of the small circle 
near the middle of the graph. Extend the-line HF to the phi strndard 
deviation scale on the same side of the graph a s  the scale used for  
plotting the analysis. The u@ scale is the slant scale along the lower 
left corner of the graph. Read the value of u @, = 1.2, at the inter- 
section of line EF with the scale. 

To Obtain k6: (phi skewness) 

Set a pair of dividers to the length GH on the vertical 4 percent line 
between its intersection with the EF and the horizontal line passing 
through the circle at the middle of the graph. Next, lay off the 
distance DI, equal to GH, on the 50 percent line starting at i.ts 
intersection with the line 4B. From Point I draw a horizontal line 
IJ intersecting the fitted curve. Read the percentage 91. 2 percent at 
the intersection. On the k@ scale near the lower right corner of the 
graph read the value of skewness -1.6, corresponding to the percentage 
just obtained. Similarly, locate I' and J' and determine the k6' value, 
- 0 .  a!.., from the left corner of the graph. 



mTTERPRETATION OF ANALYSES 

The value of Mg i s  an indication of the position of the curve on the 
graph. For the sample in Figure 2, M 1 1 and the correspond- 
ing geometric n e a n  diameter = 0. 469 mllllmeter. It will be noted 
that the geometric mean diameter'is not the diameter at which 50 per- 
cent by weight i s  larger and 50 percent smaller. As the mean size 
becomes smaller, the valuc of Mg becomes greater and a s  the value 
of the mean particle size increases Mm approaches zero or  becomes 
negative. On standard gradation charts, an increase in value of M0 
will move the gradation curve to the left, while a decrease in value 
of M@ will move the curve to the right. 

As may be seen from a close study of the phi probability graph, a 
variation in ~ 7 0  is a measure of distribution, o r  scatter of the parti- 
cles about the median. In other words, crg is a measure of the f re-  
quency of size range of particles present. Fo r  the example a 0  = 1.2  
This value i s  shown plotted on Figure 2, as  1 . 2  to each side of the 
mean. As the size range presentbetween 84.1 a.ndl5.9 percent. 
becomes smaller, the numerical value of og dekreases, and a s  the 
size range between 84. L and 15. D percentbecomes greater, ad 
increases. 

Variation in the kg values describe changes in the shape of the curves. 
kb describes the tail of the curve in the region where particle size is 
largest. In general, as  the percentage of coarse material increases 
k@ tends to relatively large negative values. On standard gradation 
analysis paper, this would result in a flattening of the upper end -of 

. t h e  curve, and the curve above the 50 percent s ize  would tend to have 
a mo~p~or iounced -%shape .  As the percentage of coarse material 
decrsases; kg tends to a relatively large positive value, and on stand- 
ard paper, the curve tends to become straighter above the 50 percent . L. size range. 

, . 

k'0 values describe the tail of the curve in the region of small parti- 
cles. Generally, a s  the percentage of fine material increases, k'o 
tends to relatively large positive values. On the standard gradation 
paper, this would result in a flattening of the lower end of the curve, 
and the curve would tend to have a more pronounced S shape below 
the 50 percent size. As the percent of fine material decreases, 2 tends to negative values, and on standard analysis paper, the curv 
tends to become straighter. It may-also be observed that if a straight 
line f i ts  all the plotted points, the skewness is zero o r  k0 and k'o 
equal zero. Values of kb for the example are  shown on Figure 2. 
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Table 1 

TABLE FOR PLOTT2iG SIZE ANALYSIS OF SEDIMENTS 
USING LOG-PROBABILITY METHOD '. 1 

Size rnm 
U. S. Standard 

sieve series 

4 
3 I8 inch 
314 inch 

1-112 inches 
3 inches 
5 inches 
6 inches 
8 inches 

0 units 
-LogZ (size in mm) 



NORMA!\- FREQUENCY CURVE 





PHI PROBABIL ITY  GRAPH 
PERCENTaCE COARSER 


