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Summary 

In order to design a channel through erodible material which 
wili be free from scour, a shape of channel must be selected which will 
result in maximum tractive forces srr aller than the critical tractive 
force of the material composing the banks and bed. 

The purpose of this investigation is to determine the magnitudes 
and distribution of tractive forces around the perimeter of earth can.'.11s 
having different shapes. 

The method used to obta;n these forces w::is as outlined in Hydrau­
lic Laborato ry Report No. 293 l! * by E. W. LanL. It consists uf drawing 
isovels, or lines of equal velocity, on cross S·.::clions showing velocity 
distribution. Orthogonal lines or lines of zero net shear are then drawn 
perpendicular to the isovels. It was assumed th�tt the area b iJnded by 
adjacent orthogonal lines and the included section of periweter was pro­
portional t the tractive or shearing L.>rce on that portion of the periml'ter. 
Tractive force distribution curves could then be determined from area 
measurements. 

Results of this investigation are summarized in two s ds of 
curves, Figures 22 and 23, showing m�ximum tract:ve forces which 
exist on the sides and b:)ttom.s of channels having different siJe slopes 
and bottom width to depth ratiJS. 

*Numbers refer to bibliography in appc:ndix 
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The problem of designing st1.ble channels in erodible mate­
rial is being approached in S}fPS outlined by E. W. Lane in Hydraulic 
Laboratory Report No. 294 iJ. Tractive force distribution around the 
perimeter of channel cross St:ctions was given as an important phase of 
the problem which should be studied. To be free from scour, a channel 
must be so designed that tractive forces combined with gr<1.vity forces are 
everywhere just less than the critical tractive force of the bed material. 

To evaluate the magnitude and location of tractive forces, 
all available data on flow distribution in straight rectanguldr, trapezoidal, 
and triangular shaped channels were used. Isovels, or lines of equal ve­
locity, were sketched in and orthogonal lines, or lines of zero net shear, 
were drawn perpendicular to the isovels. It was assumed that the ratio 
of area bounded by two adjacent orthogonal lines to the total cross-sec­
tional area was proportional to the ratio of tractive force on that section 
of the perimeter between the orthogonal lines to the total tractive force 
on the perimeter. By plotting percent area between orthogonal lines 
against percent distance along perimet,;r and converting to terms of trac­
tive force, the distribution of tractive forces was obtained. 

Rectangular, trapezoidal, and triangular shaped sections 
were studied. The ranges of bottom width to depth ratios and side slopes 
were somewhat limited since few cross sections were available for study. 

Canal Sections Showing Velocity Distribution 

All available channel cross sections showing velocity distri­
bution, with the maximurr. velocity at the center, were taken from pub­
lished experiments for study. This study was limited to straight channels, 
and unless the maximum velocity occurred at the center there was no 
assurance that the channel was straight. 

From the experiments by Bazin, j_/ 33 rectangular cross 
sections were chosen which had B/D or bottom width to depth ratios vary­
ing from 0. 60 to 10. 50; 6 trapezoidal sections with B/D ratios of 1. 81 
to 4. 95 and side slopes of 0.06:1, 0. 1:1, and 1:1, and 2 triangular chan­
nels having side slopes of L 1. 

One cross section of the Festi-Rasini '!:.../ Canal w-1s used 
which had a B/D ratio of 1. 29 and side slopes of approximately 1: 1. This 
canal was originally constructed of masonry with a rounded bottom and 
sloping sides. However, sediment filled the bottom until the cross section 
was trapezoidal in shape as shown in Figure 1. 

Three trapezoidal sections having B/D ratios of 2,. 12 and 
side slopes of 1:1 were taken from experiments by J. Varwick !J. 
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One trapezoidal cross section of the Main South Canal, 
Orland Project, California, with velocity measurements by Fred C. 
Scobey� was used. The B/D ratio was 8. 30 and side slopes 1. 6:1. 

Seventeen triangular sections with 1: 1 side slopes were se­
lected from "Experimental Studies of Velocity Distributism at a Section 
in a 90° Triangular Channel' 1 by Harry D. Purdy, Jr. �/. 

Five cross sections of the Interstate Canal, North Platte 
Project, were included in the study. These had side slopes of 1. 5: 1 and 
2:1 and B/D ratios of 2. 55 to 18. 66. 

Three cross sections having side slopes of 2: 1 and B/D 
ratios of 2. 82, 3. 08, ancj 3. 52  were taken from notes on velocity distri­
bution by V. M. Hegly 'ii. These three channels had compound cross 
sections, and only the right half of each section corresponding to half of 
a simple trapezoidal section was used. The point of maximum velocity 
was considered to be the center of trapezoidal and rectangular sections. 

Isovels and Orthogonal Lines 

Most of the cross sections showed points of known velocity 
with the isov,.,ls or lines of equal velocity drawn in. On others it was nec­
essary to draw in the isovels by interpolating between points of measured 
velocity. 

Orthogonal lines, or lines of zero shear transfer, were then 
sketched in perpendicular to the isovels. All orthogonal lines met at the 
point of maximum velocity. A typical sectiun is shown in Figure l. Pho­
tostats of cross sections used are included in the appendix attached to the 
file copy of this report and are available for reference in hydraulic labo­
ratory files. 

Tractive Forces 

Scouring forces due to velocities in a channel are difficult 
to rneasu re because of turbulence and steep velocity gradients near the 
bed. For that reason, an analysis of the forces causing scour has been 
made using the conc,�pt of tractive force advanced by Du Boys in 1879. 
Stated briefly, tractive force is thP force exerted by fl owing water on the 
bottom of a channel and for a unit area is equal to the component of weight 
of a column of water above that unit area in the direction of flow. It is 
the force causing the volume of water to move and which tends to move 
the material composing the bed. 
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In a channel of infinite width and uniform depth, the t raction on 
a unit area may be stated : 

't" = wDS 
'T = tractive force per unit area 
w = unit weight of water  
D = depth 
S = slope of ene rgy gradient 

For  simplicity, all calculated values of trac tive force will be 
expres s ed in terms of wDS . 

A rea C omputations 

On the premise that the area bounded by two adjac ent orthogonal 
l ines is proportional to the tractive force on the included s ection of per ­
imeter,; the a reas were planim ete red . The c ross  sect ions were d ivided 
into halves at the middle  of the s ec t ion . The area of each sec t ion was then 
expressed as a percent of one - half the total area of the c ross sect ion ly­
ing below the o rthogonal l ine which originates at the edges of  the water  sur­
fac e .  Computat ions were made separately for the two halves of  each c ross 
section, and the resul ts were averaged ari thm etically as shown below . All 
results are given in detail in appendix to the file c opy in the hydraulic l a ­
boratory fil es . 

Sinc e the point of maximum velocity usually occurs s om e  dis ­
tanc e below the water surface ,  an 9_rttiogonal l ir:ie drawn to  the edges of 
the water  surface from this point and the water  surface  itse lf bound an 
area of the c ross  sect ion which does not contact the wetted perimeter ; 
It  is  not known how the tractive force due to  this area is dist ributed around 
t he p e rimeter ,  so it was assumed that the tractive fo rce  on each sec tion 
of p erimeter s hould be inc reased by an amount proportional to the area 
above the point of maximum velocity divided by the area lying below the 
point of maximum velocity . The same results are obtained by express ing 
individual areas  as percentages of the urea lying below the point of maxi ­
mum velocity rathe r than the total area of the section . 

The distance along the side was measured from the water surfac e 
to  the int ers ec tion with each orthogonal l ine and expressed as a percent of 
the total side distance . The d istance along the bottom was measured from 
the intersect ion of the s ide and bot tom to  the int ersect ion with each orthog ­
onal l ine and express ed as a percent of one -half the bottom width . Com ­
putations were  made in this manner for the two halves of each cross section 
and the results  were averaged ari t hmetically as shown below . 

Cumulative Percent Area Curves 

The percent of total tractive force acting on each sec tion of perim ­
ete r between adjacent orthogonal lines could now be  found by proport ional 
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areas, but thes e would be average values for each interval of distance. 
In order to obtain tractive force distribution, the following method was 
used: the percent of the cross sectional area, as shown by the orthogonal 
lin es, whic h  exerted tractive force on the sides and on the butt om of dif 
ferent shapes of canals was plot ted against B/D ratios, and smooth curves 
were drawn through the points, as shown in Figure 2 .  These curves were 
used later to determine the percent tractive force acting on the sides  and 
bot toms of rectangles and trape zoids. 

By  plotting cumulative percent area against cumulative percent 
distance and joining points with smooth curves, mass diagrams were ob­
tained for sides and bot toms of rectangles and trapezoids and sides of 
triangles having different side slopes and B/D rat ios. Since for each 
section there were pairs of curves for the two sides and two halves of the 
bottom, these pairs were averaged arithmetically . Results were erratic, 
and it was necessary to systematize them; this was done as follows : 

From the averaged pairs of curves cumulative percent area values 
were read for each 10 percent of perimeter distance along the sides and 
along the bot tom of eac h cross section having a different B /D ratio .  The 
values for each 10 percent of perimeter distance were then plotted against 
B/D ratio. Smooth curves with a similarity of shape and spacing were 
fitted to the plotted points as closely as possible, and cumulative percent 
areas read from the curves. 

The resulting cumulative percent areas were replotted against 
percent distance for even and half numbered B /D ratios. These final 
curves are shown in Figures 3 t o  7 and 14 to 1 7, and the calculations are 
included in the appendix attached to the file copy of this report in the 
hydraulic laboratory files . 

Tangents of Cumulative Percent Area Curves .. 
Cumulative percent area curves are actually integral curves of 

the area . The differential, or slope, at any point would therefore be the 
instantan eous area at that point . Slopes of these curves were then meas­
ured at 10 percent in tervals of distance and the values for each interval 
were plotted against B/D ratio .  Smooth curves for each 10 percent-of 
distance were drawn to conform fairly closely to the plotted points with 
an attempt to eliminate irregularities in the shape and spacing. The re­
sulting tangent values were plott ed against percent distance for even and 
half -numbered B /D rat ios . 

Tractive Force Distribut ion Curves 

The tangent curves were then evaluated in terms of tractive force 
as follows : an average tangent was computed for the sides and for the bot­
toms of channels having different side slopes and B/D ratios . These average 
tangents when multiplied by some constant, K, would equal the average trac­
tive force on the side or on the bottom. The average tractive force multiplied 
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by the side or bottom distance then equaled that part of the total tractive 
force of the sect ion which acts on the side or  on the bottom as shown in 
Figure 2. Solution of this equation evaluates K, which converts the tan­
gent value at any point on the sid e or on the bottom to tractive force at 
that point for that particular side slope and B/D ratio. Knowing K, it was 
possibl� to c onve rt the tangent curves to t ractive fore e d �st ribution curves, 
Figures 8 t o  12 and 18 to 2 1 ,  and the maximum tractive forces for each 
side slope and B/ D ratio were found from thcs <':! cu rves. Trac tive fo rce 
data are included in the appendix attached to the file copy of this report 
which is available for reference in the hydraulic laboratory files . 

The general solution of K for sides and bottoms of channels is as 
follows: referring to Figure 13, a trapezoidal channel of uni t length has a 
volume, 

V = BD + ss D 2 

V = volume of prism 
B = bottom width 
D '  = depth at center 

'S'S" = side slope { horizontal d ista nce fo r a 1 ft. rise) . 

Multiplying by the unit weight and the sl ope of the ene rgy gradient, the 
total tractive force of the prism is found 

T = ( B  + E D) wDS . . . . . . . . . . . . . . . . . . . . . . . . ( 1 ) 
T = total tractive force 
w = unit w eight of water 
S = slope of energy gradir.mt. 

The average tangent multiplied by K and the side distance equals the total 
tractive force on the sides 

Ts = avg. lan (K) (2D yi + ss2 )  . . . . . . . . . . . . . .  ( 2 ) 

Solving equations { l )  and { 2 )  for K of the sides 

Ks = % T on side (B/D + ss )!w?S) 
avg. tan 2 yl + ss2 

of the bottom 

( 3 )  

Kb = % T on bottom ( B/D + ss) (wDS) . . . . . . . . ( 4)  
avg. tan B/D 

where K = conversion factor from tangent to tractive force . 

Maximum Tractive Force Curves 

Maximum tractive forces on sides and bottoms were then plotted 
against B/D ratio for side slopes of 0 : 1 ,  1 : 1 ,  1 .  5 : 1 ,  1. 6 : 1 , and 2 :  1, and 
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points having the same s ide slopes were connected by st rc1ight broken l ines . 
Smoot h unb roken cu rves w e re then drawn to agree as nearly a s  pos s ible with 

. t hes e points ,  wi t h the following other considerations which ind icated their 
p os i ti on. One of the se considerations wa s that the point repres enting the 
maximun,. shea r for a 1 :  1 sid e s l ope and B / D  ratio of 0, th�t is for  a 90 ° 

V - s haped channel , v. as qui te acc urat ely tc s tablish t:d s i n c e  i t  Wt.i s based on  
veloc ity dis t ribut ion observations in 19  channel sect ions , the resul t s  of 
which agreed qu ite c los ely with each other. Moreover, for this s ection 
the maximum veloc ity occur red at the su rface , so there w as no cor rec t ion 
nec e s sary for the a rea of flow above the l ine of maximum velocity, as was 
the case in most other channels. It seemed reasonable to expect that for 
V - shaped channels of  flatt er side slopes than i :  l ,  the maxiJ.111:1um tractive 
force \vould be grea l er than for  thL' 1 :  1 s ide s lopes , approachin g 100  percent 
as the s ide slopes became very flat. Another consideration was that, as 
the channel became wider, it s eemed certain t hat a point would be reached 
at which further wid ening d id not apprec iably change the action of the water 
along the s ides  of the channel . The velocity dis t ribution data of the various 
channel s indicated that this Wd.S the case. This would mean that the curves 
of maxinrnm shear valu es s hould s how a nearly constant value for high B /D 
ratios. Although the value s for rec tangles ind ic ate t hat the maximum t rac ­
tive force  on the sides reaches  i ts  greates t value for  B/D ratios of 3 t o  4, 
the shape of the orthogonal l ines shown by the data on t he veloc i ty  distri­
but ion for flatter s id e  slopes indica tes that this is not likely to occur for 
flatter side slopes. The data for 1 .  6 :  1 and 1 .  5 :  1 sid e slop e s  were based 
on s o  few s ect i ons and such irregular c anals that  it was largely igno red in 
drawing the lines rep res enting values of maximum tractive for·ce . 

It must be  admitted that the val ues of maximum tractive force  
indicated by the l ines  drawn, particul:::i rly for the higher valu e s  of  B /D, 
a re not well establ ished. They do ,  h .Jw eve r ,  repres ent th;;_: bes t  es timate 
that c an be made from the data available. It is hoped that further s tudies 
will fix these  values  more definitely. 

Results 

The tr a c t iv e  force  dis tribution curves on the s i d e s  and but ton,s  
of trapezoid s with l :  1 and 2 :  1 s id e  slop es a:1d rectangl es  al l showed i r .,. 
regularities in shape and spacing. This was t rue despite the fact that 
famHies of curves having simila r characteris t ics \V c:re  drawn from data 
representing a number of channels having the s ame shap e . The method 
of measuring slopes of mass area d iagrams to obtain ins tantaneous trac­
tive forces app ears to be oversens1tiv2 judging frorr, the inc onsis tent  
re sults . 

In add i t i on ,  the trac t ive forces on the s i d e s  and bottoms at the 
intersection of the s ide and bottom d id not agree. It s eems likely that the 
two trac t iv•.: fo rces should be equal in the c orner, but no att empt was made 
to  s o  mod ify the resul t s  . 
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In s on; e ins tanc es the tract i ve fo rce  at the water su rfac e  was 
z e ro _. whil e in others i t  had a f inite value .  A s  a result, no conc lusi on 
c ould be reached regarding the validity of ei t h er cond ition. 

Tract ive fo rc E· s  of 1 9  triangular cross  s e c tions with 1 :  1 s ide 
slopes were averaged to obtain a s ingle tra ct i v 2  force d i s tribu t i cm curve 
as shown in F igure 1 2. It s r e liabil i ty is p robably much greate r than that 
of the other channel shapes  studied .  

Tractive forc e d i stribut ion cu rves of t rap e zoids having mis c el ­
laneous s ide s lopes and B/D ratios, as  s hown in Figures 20  and 2 1 , show ed 
considerabl e  var iation . Each curve was ba s ed on a s ingle c ro s s  s ection, 
s inc e no other cross s ections with the s :ur. e  s ide slope w e r e  avai lable fo r 
c omparative s tudy. 

By µlottin& maximum tractive forces on s ides and bottoms of 
channels against  B/D ratios and c onnecting points  having the sam e side 
s lopes,  Figu r e s  22  and 2 3 ,  se ts of  curves were obtained which showed 
trend s but which we re lacking in agr eement . 

C e rtain channel shapes resulted in tractive forces great er than 
wDS .  In such cas es an error very probably was involved s in c e  wDS is the 
maximum t ractive forc e pos s ibl e in a channel having t he same d epth as the 
c ross  sec tion being considered and infinite wid th. 

A s  a first  approxim at ion of the type of cu rves to be u s ed in the 
design of stable channel s ,  smooth curves having s imilar shapes were d rawn 
for s eve ral s id e  slDp es w i th ·:)U t depart ing from the  p lot t ed points exc essively. 
Thes e resu l t s  will prohably d ep end on additional data for ve rification. 
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