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Subject: Distribution of t ract ive forces  around chunnel pe r ime te r s  

Summary 

In o r d e r  to design n channel through erocliblc mater ia l  which 
will be f r e e  f r o m  scout., a shape of channel must  be selected which will 
result  in maximum tractive fo rces  s m a l l e r  than the cr i t ical  t ract ive 
force  of the mater ia l  composing the banks and bed. 

The purpose of this investigation is to determine the magnitudes 
and distribution of t ract ive f o r c e s  around the per imeter  of ea r th  canals 
having different shapcs.  

Thc mothod used to obtain these ~ O I - c e s  w2s a s  outlined in Zlydrau- 
l ic  Laboratory Report No. 293 2/' by F;. W. Lnnc. It cons is t s  of drdwmg 
isovcls, o r  l ines  of equal vc loc~ ty ,  on c r o s s  scct ions showing velocity 
distribution. Orthogonal l ines  D r  l ines  of ze ro  nct shcar. ;ire then drawn 
perpendicular to the isovels. , It was assumed thclt the a r e a  b:mnded by 
adjacent ortliogotlal l ines  arid the irlcluded section of pcrirncter was pro- 
portional t3  the t ract ive o r  shear ing  f o r c e  on that portion of the per imeter .  
Tract ive fo rce  distributiun cu rves  could then be determined f rom area 
metlsurt:mcnts. 

Results of this investigation CII-t. surnrniirized in two sets of 
curves ,  F igu res  22  and 2 3 ,  showing maxinlum tractive forces which 
exist on the s ides  and b.)ttonls uf channels having different sidc slopes 
and bottom width to depth ratios. 

*Numbers r e fe r  to bibliography in appendix 



The problem of desibtnillg s table  channels in erodible mute- 
rial  i s  being approached in st outlined by E . W. Lane in Hydraulic 
Laborarsry Repoyt No. 204 d. 'I'r:ictivt. fo rce  distribution around the 
per imeter  of channel c r o s s  sthctions was given a s  an impor ta r~ t  phase af 
the problem wiiich should be stuciied. To be f r e e  f rom scour ,  a channel 
must be so  designed that tractivo f a r c e s  combined with gravity fo rces  a r e  
everywhere just l e s s  than the c r i t i ca l  t ract ive force of the bed mater ia l .  

T o  cv;iluatc the nlagnitude and location of t ract ive f ~ r + c e s ,  
all available data on flaw cflstribution in s t ra ight  rcc ta t~gular ,  trapezoidal,  
and t r ian y l i l r  shaped channcnls were  used ,  Isovt.ls, o r  l ines  of equal ve- 
locity, w e r e  sketched in  and o r t h o g o n ~ ~ l  l ines ,  o r  lines of ze ro  net shea r ,  
wcre drawn perpendicular tu the isovels.  It was assilmcd that the ratio 
of a rea  bounded by two adjacent orthogonal l ines  to the total c r o s s - s e c -  
tional a r e a  was propor-tional to the ratio of trnclivc f o r c e  on that s~ jc t ion  
of the pe r imc tc r  bctween the orthogonal l incs  to the total tractive f ~ r c e  
on the perin?cttcr'. By plotting pclrccnt a r e a  between orthogonal l incs  
against percent  dis tance along perimeter and corlvertilig to t e r m s  of t r ac -  
tive force,  the distribution of t ract ive forccjs was obtained. 

Rectangular, trapezoidal, and t r iangular  shaped sect ions 
wcrc studied. The ranges  of bottom width to depth ra t ios  and s ide s lopes 
were somewhat l imited since few c r o s s  sect ions were  available f o r  study. 

Canal Sections Showing Velocity Distribution 

All available channel c r o s s  sect ions showing velocity d i s t r i -  
bution, with the maxisum velocity at the center ,  were taken f rom pub- 
lished expcriments  f o r  study. T h i s  study was limited to striright channels, 
and unless the maximum velocity occurred  at the center  there  was no 
assurance  that the channel was st ra ight .  

F r o m  the experiments by B a z i n , ~ /  33 rectangular  c r o s s  
sections w c r e  chosen which irad B/D o r  bottom-width to depth rat ios  vary-  
ing f r o m  0 .60  to 10. 50; G trapezoidal sect ions with B/D ra t ios  of 1. 8 1 
to 4 .  95 and s ide  s lopes  of 0.06:1, 0. 1:1, and 1:1, and 2 t r iangular  chan- 
nels having s i d e  slopes of 1: 1. 

One c r c s s  section of the Fes t i -Ras in i  2/ Canal was used 
which had a B/D ra t io  of 1 .29  and s ide  s lopcs of approximately 1 : l .  '!"his 
canal was originally constructed of masonry with a rounded bottom and 
sloping s ides .  However, sediment filled the bottom until the c r o s s  section 
was trapezoidal in shape as shown in F igure  1. 

T h r c e  trapezoidal sect ions having BID ra t ios  of 2 
side s lopes of 1:1 w e r e  taken f rom experiments  by J.  Varwick 



Orlancl P ~ o j c c t ,  ~ a l i f o r n i a ,  with velocity n~ctasuren.~ents by Fred C.  
6 1  Scobpy , was uscd. The R / D  ratio was 8 .30  and side slopes 1 . 6 :  1, 

Scvdntcen tr iangular sect ions  with 1 : l  s ide  s lopes were  s e -  
lected frvoxn "Expc!rimental Studies of Velocity Distributi  n at a Section 
in  a 00° Triangular Channcl" by t i a r ry  D. Purdy ,  J r .  59. 

Fivu crclss sections of the Inters ta te  Canal, North Platte 
PI-ojt:ct, tverc included in the study. These had s i d e  s lopes of 1 .  5: 1 and 
2: 1 and B/D rat ios  of 2 .  55 t:, 18. 6 6 .  

'1'11rc.e c r o s s  sc.cbtiuns having side slopcs of 2: 1 and B/D 
ratios of 2 .  82, 3.08, an 3 .  52 were t aken  f rom notes on velocity d i s t r i -  
bution by V. hl .  XIegly 7 . These three channels had compound c r o s s  
sccti.zr.s, and only t h e  r ight  half of tlaci~ scr>tion corr:.sponding to half of 
a s i n l p l e  t rnpozoid:il section was ustrd. Tfie pvint of maxin:u~n velocity 
was considered tc) be the cent!::. of trapezoidal and rectangular sections.  

Isovels and Orthogonal Lines 

Most of the cl-oss sections showed points of known velocity 
with the i sov l .1~  :)r lrrlcs of c ~ , r a l  v4:locity drawn in .  On others  it was  nec- 
e s s a r y  to draw i n  thc isovels B;r interpc!ating between points of rncasured 
velocity . 

Orthogonal lint:s, o r  lin,es of zc ro  sheaq t ransfer ,  were then 
sketchtld in perpendicular to tile iso~ri:ls. All urthogonal l ines met a t  the 
point !)f maximum velocity. A ty;)ic:ol sectii~11 is shown in FlgLire 1. Pho- 
tostzts of cl-oss sections used arc iucluJea in the a~,pe:~dix attached to the 
fi le copy af this repDrt and are  available for reference in hydraulic labo- 
ra tory  f l l r s .  

Tract ive Forces  - 
Sco:~ring fol.clas dut: to vtxlocities it) a channel a r e  d:fficult 

to mcasurc because of turbu1enc.e and stt:ep vi.loclty gradients n e a r  tile 
bed. For tha t  reason,  an analysis  .)f the fo rces  causing sc:ourS has been 
made using the  concept of tractlvc. force  advanced by Du Boys in 1879. 
Stated briefly, t ract ive force is thv* forctl uxertoci by flowing water- on the 
bottom r ~ f  a channel and for .  a t i t l i t  area is equal  to the eomponc+nt uf weight 
of a column of watcr nbovt* that i ln~t  area in the direcltion of flow. It is 
the force causing the volume of water to move and which tends to move 
the mater ia l  cornposing thc bed. 



a unit a r e a  may be stated: 

T = wns 
T x tractive force  pe r  unit a r e a  
w = unit  weight of water 
D = depth 
S = slope of energy gradient 

F o r  simplicity, all calculated values of tractive force wi l i  be 
expressed in t e r m s  of wDS. 

Area Computations 

On the premise  that the a r e a  bounded by two adjacent orthogonal 
l ines is proportional to the tractive force on the inc luded  sec t ion  of pe r -  
imeter,. the areas were p1a:limetered. 'rhc c r o s s  sections were divided 
into halves at the nliddlc of the scction. 'The a r c a  of nach section was then 
expressed as a percent of one-half tile total a rea  trf t h e  c r o s s  section ly- 
ing below the orthogonal line which originates at  the edges of the water s u r -  
face, Computations were  made separately for  the two halves of each c r o s s  
section, and the resul t s  wcre averaged arithmetically as showPn below. A l l  
resu l t s  are given in detail in appendix to t h e  fi le copy in the hydraulic la-  
boratory fi les.  

Since the point of maximum velocity usually occurs  some  d i s -  
tance below the water surface, an orthogonal l ine  drawn to  the edges of 
the w a t e r  surface f rom t h i s  point and the iirater sur face  itself bound an 
a r c a  of the c r o s s  soct i r~n whlch  does not c.lntact the wetted perimeter .  
It is not knouPn how thc t r a c t ~ v e  force duc to this a rea  is distributed around 
the pc r i~ :~e te r ,  s o  i t  w a s  assuxned that the tractive force on each sectiotl 
of perixl~etvr should be increased by a n  amount propor.tiona1 to the a r e a  
above the point of maximum velocity divrded by the a rea  lying bclow the 
point of maximum velocity. 'I'he sarne r e s u l t s  a r c  obtained by expressing 
individual :Lt'eas as percentages of the a1-ea lyiog bclow thc point of rnaxi- 
mum veloci'tj. ra ther  than the total arca of the  sectron. 

'The distance along the s ide was measured from the tvater surface 
to the irltersection with each orthogonal line and expresscd as  a percent of 
the total side distance. The distance along t h e  bottom was measurcd from 
the intersection of the side and boitom to the inter.section with each orthog- 
onal line and expressed a s  a percent of one-half the b~ittonl width. C o ~ n  - 
putations w e r e  made in thls manner f o r  the t w o  halves of each c r o s s  section 
and the resul ts  were averaged a r j  thmetically as shown below. 

Cumulative Percent  Area Curves 

The percent of total tractive fo rce  acting on each section of per im-  
eter between adjacent orthogonal l ines could now be found by proportional 



In order  t 3 obtain tractive forcc-dis~ribut i :  on, the fi,llowing rrlethod was . " 

uscd: the perccnt of the c r o s s  sect iol~al  a18ra, a s  shown by the orthogonal 
lines, whicti exerted tr8activc force on the :; ides and on the bottctrn of dif 
fet-ent shapes of canals was plottcd aghinst B/D ratios,  and smooth curves 
were drawn through the p;-lints, a s  shown i l ,  Figure 2 .  These curves were 
uscd later  to determine the percent tractrv I force  acting on the s ides  and 
bottoms of rectangles and trapc:~oIcis. 

By plotting cun~ulat ive perccrlt a r e  1 against cumulative percent 
distance and joining points with smooth c u r  Ies, mitss diagrams were ob- 
tained for  s ides  and bot torr ,~ of rectangles a ~ d  trapezoids and s ides of 
triangles having different s ide slopes and B,'D ratios. Since f o r  each : 
section there were pa i rs  of curves for  the t\lra s ides and two halves of Lhe 
bottom, these pa i rs  were averaged ar i thmrt  .tally. Results were er ra t ic ,  
and it was necessary to systenlatize them; tl is was done a s  fgllows: 

F r o m  the averaged pa i rs  of curves , .umulative percent a r e a  values 
were read f o r  each 10 percent of per imeter  ats tance along the s ldes  and 
along the bottom of each c r u s s  section having a different B/D ratio. The 
values for each 10 percent of perimeter  distal ce were then plotted against 
B/D ratio. Smooth curves with a s imilar i ty  o '  shape and spacing were 
fitted t o  the plotted points a s  closely a s  pus sib!^, and cumulative percent 
a r e a s  read from the curves .  

The resulting cumulative percent area  ; were replotted against 
percent distance fo r  even and half numbered B/  3 rat ias .  These final 
curves a r e  shown in Figures 3 to 7 and 14 Lo 17, and the calculations a r e  
included in the appendix attached to the file copy of this report in the 
kydraulic laboratory f i les .  

Tangents of Cumulative Percent  Area Curves - 
Cumulative percent a rea  curves a r e  actuhlly integral curves of 

the a r e a .  The different id,  o r  slope, at any point tmuld therefore be the 
instantaneous a r e a  at  that point Slopes of these et rves were then meas- 
ured a t  10 percent intervals of distance and the vzlu?s f o r  each interval 
we re  plotted against B/D ratio. Smooth curves f o r  ach 10 perccnt of 
distance were drawn to conform fdirly closely to the 3lotted points with 
an attempt to eliminate i r regular i t ies  in  the shapc an spacing. The r e -  
sulting tangent values were plotted against percent di* tance for  even and 
half -numbered B/D ratios.  

Tract ive F o r c e  Distribution Curves 

The tangent curves were then evaluated in term; of tractive force 
a s  follows: an average tangent was computed f o r  the s i d e ;  and for  the bot- 
toms of channels having different s i d e  slopes and B/D rat1 3s. These average 
tangents when multiplied by some constant, K,  would equal the average t rac-  
tive force on the s ide o r  on the bottom. The average t rac t i  re force multiplied 



by the side o r  bottom distance then equaled that part  of the total tractive 
force of the section which ac ts  on the side o r  on the bottom a s  shown in 
Figure 2.  Solution of this equation evaluatss K, which converts the tan- 
gent value at any'point on the s ide o r  on the bottom to tractive force  at  
thili point fo r  that particular s ide slope and B/D ratio. Knowing K, i t  w a s  
possiblu to convert the tangent curves to tractive forcc distribution curves 
Figures  8 to 12  and 18 to 21,  and the maximum tractivc forces  for  each 
side slope and B/D rat io  were found f rom thcsc curvcs.  Tract ive fo rcc  
data a r e  included in the appendix attached to the fi le copy of this report  
which i s  available fo r  reference in the hydraulic laboratory fi les.  

The general solution of K f o r  sides and bottoms of channels i s  a s  
follows: re fer r ing  to Figure  13, a trapezoidal chan~lul of unit length has a 
volume, 

V =  B D + ~ D ~  
V = volume of pr i sm 
B = bottom width 
D = depth a t  center  

5S = side slope (horizontal distance f o r  a 1 f t .  r ise) .  

Multiplying by the unit weight and the slope of the cnzrgy gradient, the 
total tractive force of the pr ism i s  found 

. . . . . . . . . . . . . . . . . . . . . . . .  T = (B I SS D) wDS (1) 
T = total tractive force 
w = unit weight ef water 
S = slope of energy gradient. 

The average tangent multiplied by K and the s ide  distance equals the total 
tractive force  on the s ides  

. . . . . . . . . . . . . .  T, = avg. tan (K) (~D̂C-? (2) 

Solving equations (1) and (2)  for  K of the s ides  

of the bottom 

........ Kb = % T on bottom (4 )  
avg. tan 

where K = convcrslon factor  from tangent to tract:ve force. 

Maximum Tract ive F o r c e  Curves 

Maximum tractive f o r c e s  on s ides  aad bottoms were then plotted 
against B/D ratio to r  s ide slopes of 0:i. l : i ,  1.5:1 ,  L . G : l ,  and 2: 1, and 



l i l chse  i ~ o l n t s ,  i v i l h  the  ftsllowing othet- c r x ~ s i d e r a t i o n s  which lndicatcd t h e i r  
I I L I ~ ~ ~ ~ C I I I .  One of thest '  c trnsiderat ions w a s  that  the  point rc-pr*uscrrting t h e  
Inaxlnl\lnl shc:il. f o r  L? 1 :  1 s i d e  slolit: and B/D ra r io  of 0, t h a t  is f o r  a 90' 
V -  s tiaped ( .hamel ,  was qui tc  acc:ul.rrtcly cs trthl~shrici s i n c c  i t  kvas based on 
vclocit;: clistr'ibution obsc rv :~ t iuns  i n  19 cllat:nc:l suclic)ns, lllr. r e s u l l s  of 
which agrccti  qui te  c1ost:iy w i th  each o thcr .  kloreover, fo r  t!:is st?ctiun 
the maximum velocity o c c u r r c d  a t  thc sul.fncc, s o  t h e r e  was no corr-ect ion 
net-essary f u r  the at-ca of flow ;ibov(* t h e  l ine  of maxix~lurn veloci ty ,  a s  was 
the case i n  m o s t  otller channels .  It seemed ~.cnsonr;blc to expect  that f o r  
V - s n n p e d  c l ~ u n n e l s  uf flntttlx. s ide  s l v p e s  than 1: 1, the maximum t r a c t i v c  
ft)r.c.c il.lould be greater  tlli~n f o r  the 1:l  s i d e  s l o ~ ) e s ,  approaching 100 pe l -ce t~ t  

' 

;is thc s i d e  s l o p e s  bccarr.c* v e r y  f la t .  Anot!ler cot~siclcrntion was that,, es 
the  c l~anne l  11cca:nc \:ric!er, i t  soenled c e r l a i u  t!inl a point would be rcacheci 
at which furt111:r .,vll.ic.ning did  nut ap;)reciably c h a t ~ g e  the actiotl of the wa te r  
along tire s i d e s  :)f the channel .  'I'he v e l u c i i ~ '  distl . ibution data of the various 
channels  iridic.:atcd that th is  wss tile case. T!lis would n;enn that  the c u r v e s  
of n~asit:liltn shcnr va1:ics should show a n e a r l y  constant  value f u r  high BID 
~ ~ n t i o s .  Although the valucs fo r  ~ . e c t a n g l e s  iritlictlte that  the rnaxiir,um tr'ac- 
tivc force :) t~  the s i d e s  reaci1c.s its g r e a t u s t  value f o r  B/D r a t i o s  of 3 to  4, 
t h e  s h a p e  of the orthogorir~l lit ies show11 by thc da ta  on the veloci ty  dis tr i -  
inition for f lat ter .  s i d e  slopes inciictttes that  this is not l ike ly  t.s o c c u r  f o r  
flatter.  s i de  s l o p e s .  The da ta  f o r  1. G :  1 and 1. 5: 1 s i d e  siopds tvere based  
on s o  f c w  s c c t i o n s  and such  irregular  canals that  it  w a s  lnrsgely ignored in 
drawing the litlcs repr.escnt ing va lucs  of ~ r ~ u x i r n u r n  t r a c t i v e  fatsce. 

I t  x ~ ~ u s t  I)(? n d ~ l ~ i t t c d  t t l r t t  t!le values of maxi rnun~ t l-act ive force 
indicated by the  lines t l rawn,  par.ticularly fo r  the higher valilcs of B/D, 
a r e  not w e l l  established. T t ~ e y  t i r l ,  hcwuvt.r, r e p r e s e n t  Lhc bcs! estimate 
that  c*sn t,e nlade fl.om thc data avai lable .  It is hoped that  f u r the r  s tud ies  
will f ~ x  t h ~ s c  values m o r e  defini tely.  

The t r a c t i v e  force dis:t'ibuti'~:1 ctlrves on the s i d e s  at:d b,)tt:~r..s 
of trapezoids with 1 : I  and 2 :  1 s i d e  s1opc.s and rec tang les  i t11  sizoived i r -  
r e g u l a r i t i e s  i n  shape and spacing. This was t r u e  d e s p i t e  the fac t  thni 
f a m i l i e s  of curves  having s i m i l a r  c h a r a c t e r i s t i c s  w 5 r e  d r a w n  f r o m  da ta  
r e p r e s e n t i n g  a numbtbr of c h n n t ~ e l s  having the salnc shape. T h e  method 
of mcasu:-ing s lopes  of Illass area d i a g r a m s  to obtnitl ins tantaneous  trac- 
t ive f9tSces a p p e a r s  t o  be ovt.rst.nsl:ive judging from thc incurlsistent 
r c s u i t s .  

In addition, the trat:tivt- f o r c e s  on tilt: s1Jc.s and bottc>:lls a1 the 
in tersect ion of the  side and button1 did not a g r e e .  It stems l ike ly  that the  
t w o  t r a c t i v c  furces should bt. equal in t h e  col5tlvr-, but no a t tompt  rv.is n:ade 
to so nlcjdify the r e s u l t s .  



- .- - -  - . -  

Tts ~.e l inbi l i$  is prclbably much g r e a t e r  than that 
o r  t r l e  o t : i ~ r  c:nani~cl sncl;jes s tud ied .  

;)lstting maximum t r a c t i v e  forces on s i d c s  and  bo t toms  of 

. :\pproxinlation of the type of curvcs  to be used  in the I 

In s m i c  ins tances  thc! t rac t ive  f o r c e  at the water surface was 
ze ro ,  whilc  i n  o thers  it had a f in i te  va.lt~c. As a resul t ,  no conclusion 
c:ould bc reached rcgardirig the  validity nf t!ithcr condition. 

T r i~c t ivc  fr~r-ces  of 10 triangillar c r o s s  sections tsvi th 1 : 1 s i de  
slopcsi \srcr.e av:.rngcd i o  obt:~in n sirlclc t rac t jv?  force r i is tr ibutian curve 
as shown it; Figut.c: 12. 
- C  11- 1 1  

' r rnct ivc folSce d i s t  ribu Lion cu rvl!s of t  tqapezoids having m i s c e l -  
lnneorls s ide  s lopes  and R /D  ra t ios ,  a s  shown in Figul-cs 2O and 2 1 ,  showed 
c o n s i d e r n b l c  var ia t ion .  Each curve w a s  based on :I s ing le  cr-oss srct ion,  
s ince  no o t h e r  c r c s s  sect ions w i t h  the s;cr;:e s i d e  s lope w e r e  available f o r  
cornparativcl s tudy.  

channcls against B/D r a t i o s  and connecting points having the same s i d e  
s lopcs,  Figtrcs 23 and 23,  s e t s  of curves were obt:iined which showed 
t r e n d s  but which were lacking in a g r e e m e n t .  

C r r t a in  c l~annc l  shapcs resulted in  tractive forces greaterv Lhan 
wDS. In such cases an c r r o r  vcry probnbly was i n v ~ l v e d  since wDS i s  the 
~naxi rnum 1 ractivr f o r c e  noss ible  in a c11nnnr.l having the same depth as the 
c r o s s  section being cons ide red  nnd infinite width. 

A s  a f i t - s t  
design of st able c h o ~ ~ n u l n ,  smooth curves-having s imi la r  shapes w e r e  drawn 
f o r  s eve r :~ l  s i d c  si!~;rcs w i t h u t  depar t ing  from the plotted points rx ress ive ly .  
Thes c 3';:sults wili proha!~ly depend on additicnnl data f o r  vcrification. 
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