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The depth of scour a t  the toe of the emergency spillway of the 

Queen Creek flood retarding structure w i l l  be the sum of the degradation 

I associated with the reach downstream the spillway and the local scour 

occurring a t  the base of the spillway. The large magnitude expected flood 

flows in the reach downstream from the structure w i l l  have the capacity 

and competence t o  remove the six-foot thick, sand and gravel layer compos- 

ing the surface material i n  this wide drainageway. Underlying th i s  sand 

and gravel layer is a sand, gravel and cobble layer which is over six-feet 

thick, and the coarsest 201, with a mean size of four inches, should not 

be moved even by the highest expected flows. ,Self-sorting as  two feet  of 

t h i s  underlying layer is degraded should resul t  in  an armour layer of 

cobble and a l i m i t  t o  the degradation, 

A general argument was used t o  establish the form of the model- 

prototype relationship for local scour below a spillway such as  the 

baffled-apron. A few data points were then sufficient  t o  draw a tentative 

curve for the relat ive depth of local scour ds/yc as  a function of Tot/TC 

which can be approximated as  0.27 (yc/d) (ds is the depth of local 

scour measured from the original stream bed elevation, yc is the nominal 

c r i t i c a l  depth, d is the diameter of 'the sediment, and TO'/?c is the r a t i o  

of the boundary shear in a c r i t i ca l  flow t o  the "c r i t i ca lw tractive force.) 

Especially i f  during construction, cobbles are placed a t  the predetermined 

scour level, the local scour should be no more than four feet.  

The best estimate of the possible scour a t  the emergency spillway 

of the Queen Creek structure is therefore 6 feet  plus 2 feet  plus 4 feet  or  
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a total of 12 feet. The reach downstream from the structure for a distance 

of 1000 feet or more should degrade to  form a rectangular channel 1600 feet  

wide and 8 feet  deep. 



LOCAL SCOUR BELOW SPILLWAYS 

Scour of the stream bed (or banks1 occurs when the capacity of the 

flow t o  remove sediment from an area is greater then the supply of sediment 

t o  that area. This is simply a statement of mass conservation as  applied 

t o  sediment; although it might be noted t h a t  in  speaking of the capacity of 

the flow t o  remove sediment there is an implication t h a t  the flow is compe- 

t e n t  t o  move the  sediment pa r t i c l e s  composing the boundary material. This 

notion of scour can be extended (see "Observations on the Nature of Scour" 

in  Appendix) t o  demonstrate both the  existence of a l imi t  t o  the s i z e  of a 

scour hole, and the essent ia l  difference between scour with and without a 

supply of sediment (scour by sediment-transporting flow and clear-water 

scour). 

For e i the r  case, in  a steady, uniform flow there w i l l  be no scour. 

I f  the flow entering the area under consideration supplies a certain amount 

of sediment, the flow leaving the area, being the same, can remove exactly 

the same amount--no more, no less. In the case of clear-water scour a . 
s l i g h t  non-uniformity of the flow would even be possible; a s  long as both 

the entering and leaving flow were unable t o  transport sediment. Scour 

occurs then only i f  the capacity and competence of the flow varies along 

the flow, and the  capacity and competence only vary i f  the flow i t s e l f  

varies. An analyt ical  solution t o  a scour problem depends, f i r s t ,  on an 

a b i l i t y  t o  describe the flow and, second, on being able t o  r e l a te  the flow 

character is t ics  t o  the capacity and competence of the flow. The use of a 

hydraulic model as an analog computer does not ent i re ly  bypass the  need 

for  analysis because the model is always distorted and resu l t s  must be 



interpreted and corrected before they w i l l  adequately describe prototype 

behavior. 

The only geometry for which an analytical solution of scour, has 
- .  

been made is the long contraction--long i n  the direction of flow--because 

for t h i s  geometry both the flow and the relationship between the flow and 

the capacity and competence t o  move sediment can.be adequately described 

(see "Scour a t  Bridge Crossings" and "Analysis of Relief Bridge Scour" in 

~ppendix). Model studies of scour around bridge piers and abutments can 

be interpreted in the l igh t  of the long contraction solutions, a few key 

observations of the flow patterns of the models, and a few assumptions. 

The few prototype measurements of bridge pier  scour are less  than com- 

pletely satisfying but seem t o  verify 'the predictions based on the model 

studies, 

In the case of scour by sediment-transporting flow, the indication 

is tha t  the depth of scour can be expanded by the model scale to predict 

the depth of scour i n  the prototype and that velocity and sediment s ize  

have l i t t l e  or  no effect  i f  the transport conditions are well abdve the 

c r i t i ca l  for  movement. This model-prototype relationship should also be 

true, but would d i f fe r  i n  deta i l ,  i f  a spillway is a drop i n  a canal . : 

system transporting bed load. 

However, i f  a spillway is part of a dam and reservoir system, the 

flow over the spillway would be c lear  water (possibly muddy with very 

f ine sediment, finer than the sediment thaet would be scoured out be lw  the 

spillway), and i n  th i s  case both velocity and sediment s ize  do make a dif- 

ference. Because gravity forces dominate, spillway models are run with a 

model-prototype velocity r a t i o  equal t o  the square root of the length ra t io  
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I' (or model sca le) .  The major character is t ics  of the  flow are  then similar 

in w d e l  and prototype, but  certain minor character is t ics  l ike  the shear 1 and the boundary layer would require that the Reynolds number a s  well as 

the  Froude number be the same i n  model and prototype, or t h a t  the velocity 

r a t i o  be the inverse of the  length ra t io .  Velocities and depths can be 

measured i n  the  model and increased t o  prototype scale by the model-proto- 

ll' type Froude relationship. Boundary-layer ef fec ts  must be calculated i n  

model and prototype and compared. Where conditions a re  very d i f ferent  

f from the f l a t  p la te ,  such calculations become questionable. The matter of 

the  scour t o  be expected below spillways is even l e s s  well understood, and 

the prediction of prototype scour from model resul t s  if made a t  a l l  is 

usually made with many qualifying phrases. 

I 

! L- 



THE HYDRAULICS OF SPILLWAYS AND STILLING BASINS 

The standard spillway and s t i l l i n g  basin consists of a dam section 

modified t o  an ogee section shaped a t  the c r e s t  to  the lower nappe of an 

overflow weir and with a c i rcular  curve a t  the toe leading i n t o  the  still- 

ing basin containing baff les  and an end s i l l  a s  shown i n  Figure 1.. The 

- - .- - -- 
-- - - _ __ - . -. - -. - . . 
Figure 1. Typical and stilling basin. 

cres t  is a control section with the flow going through c r i t i c a l ;  the depth 

and velocity combination having minimum specif ic  energy. However, the 

c res t  depth (which is t r u l y  c r i t i c a l )  is not the nominal c r i t i c a l  depth 

c 
= because the pressure d is t r ibut ion  is not hydrostatic and the 

velocity is nei ther  uniform nor para l le l .  On the sloping face the f l w  is 

super-crit ical and approaches uniform, normal flow. I n  the s t i l l i n g  basin 

a hydraulic j u q  is formed and the flow out  of the basin is again sub- 

c r i t i c a l .  The baff les  and end sill contribute t o  the  force system acting 

t o  change the  momentum flux from the  high value of the entering flow t o  

the low value of the flow Leaving the  basin. It i s  important t o  rea l ize ,  

however, t h a t  contributing a force t o  the flow system is not a s  important 



as  the fac t  tha t  the force is variable depending upon the position of the  

jump i n  the basin. Changes i n  the tailwater can thereby be compensated 

with small changes i n  the jump position. Keeping the jump i n  the basin 

with varying tai lwater  i s  the primary function of baffles.  Although the  

end s i l l  has t h i s  same function, even more importantly it def lec ts  the flow 

away from the stream bed. A secondary r o l l e r  is formed between the  stream 

bed and the flow issuing from the basin and stream bed material tends to be 

dragged back towards the basin. If the slope of the scoured stream bed is 

much l e s s  than the angle,of repose, the spillway and s t i l l i n g  basin should 

be safe  even i f  the  prototype scour is larger ,  relat ively,  than the  model 

scour. Model scour pat terns which do not pose any danger t o  the s t r u c t ~  

and re la t ive  scour depths between one geometry and another have usually 

been considered suff ic ient  interpretat ion of model resul ts .  



THE HYDRAULICS OF THE BAFFLED-APRON SPILLMAY 

In the baffled-apron spillway (BuRec Basin 1x1, the s t i l l ing basin 

is eliminated and the b a f f l e  piers are moved t o  the sloping face of the 

overflow section. The opening paragraphs of BuRec Engineering Monograph 25 

describes the structure and the flow as follows: 

- --- 
Baffled aprons or chutes have been in use on 
irrigation projects for many years. The fact 
that many of  these structures h v e  been built 
and have performed satisfactorily indicates 
that they are practical and t h a t  i n  many cases 
they are an economical answer t o  the problem 
of  dissipating energy. Baffled chutes are 
used to  dissipate the energy i n  the flow at  a 
drop and are most often used on canal wasteways 
or drops. They require no in i t ia l  ta i l  water 
to  be ef fect ive although channel bed scour i s  
not as deep and i s  less  extensive when the tai l  
water forms a pool into which the flow dis- 
charges. The mu1 t ip le  rows of ba f f l e  piers on 
the chute prevent excessive acceleration o f  the 
flow and provide a reasonable terminal velocity, 
regardless o f  the height of  drop. Since flow 
passes over, between, and around the ba f f l e  
piers, it i s  not possible t o  define the flow 
conditions i n  the chute i n  usual tenns. The 
flow appears t o  slow down a t  each baf f le  pier 
and accelerate af ter  passing the pier, the 
degree depending on the discharge and the 
height o f  the ba f f l e  piers. Lower unit dis- 
charges resul t i n  1 ower t d n a l  velocities on 
the chute. 



The chute i s  constructed on an excavated 
slope, 2:1 or f lat ter ,  extending to  below 
the channel bottom. Backfill i s  placed 
over one or more rows of  baf f les  t o  restore 
the original stream bed elevation. When 
scour or downstream channel degradation oc- 
cur, successive rows o f  baffle piers are 
exposed t o  prevent excessive acceleration 
of the flow entering the channel. I f  de- 
gradation does not occur, the scour creates 
a s t i l l ing  pool at  the downstream end o f  the 
chute, stabilizing the scour pattern. If 
excessive degradation occurs, it may become 
necessary t o  extend the chute. 

The flow would, indeed, be complex because it is around and over 

roughness elements of the scale of the  flow, on a s teep slope i n  a gravi- 

t a t iona l  f ie ld .  However, a f t e r  enough rows of baff les  so t h a t  the  flow 

pat tern is repeated around each baff le  p ie r ,  an approximate momentum 

analysis can be performed equating the weight component i n  the direct ion 

of flow t o  the drag force on a s ingle baff le  pier .  The control volume is 

taken halfway t o  the  adjacent p i e r s  i n  a l l  directions so t h a t  the momentum 

flux and pressure force on the  sections through which the f l o w  enters  and 

leaves a re  equal. The shear forces r e s i s t ing  movement are small compared 

t o  the pressure forces on the pier .  For a baff le  p ier  of height h, width 

1.5 h, volume 0.675 hS, 3 h center-to-center i n  the row and 4 h face-to- 

face in  the column, the weight component down a 1V:2H slope is 

62.4 
W s i n  9 - 4~ (12 h2 y - 1.35 h3) 

where y is the depth of flow measured normal from the chute (apron) slope. 

The drag force is 



where the average velocity V is based on the clear area a t  the face of a 

pier 

and 

Equating the weight component t o  the drag force results  i n  a relationship 

between y, h, and yc or  q: 

These approximate relationships are plotted i n  Figures 2 and 3 with an 

assumed value of C D =  4; *ice the drag coefficient for a two-dimensional 
t 

plate t o  try t o  account for the separated, high velocity j e t  flow between 

a pair  of piers str iking the pier  i n  the next staggered row. The y vs. q 

curves f a l l  below roughly averaged nominal depths shown i n  Monograph 25. 

The 'approximate analytical curves could be raised by assuming a higher 

value of CD, but the experimental profi les ...." are higher than the profiles 

shown in a photograph of the same t es t "  because "water surface measurements 

were made with a point gage and a scale, taking the maximum water surface 

a t  each measured point." 



5 Maximum experimantal prof %lo 
for different p i e  height.. 

h - 3 f t  

3 

3 

3  

Figure 2. "The~re t i ca l~~  depth on a baf f led  apron. 



q Ccf s/ftl 

Figure 3. "Theoretical I' ve loc i ty  on a  ba f f led  apron. 
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The p lo t  of the  nominal velocity V vs. q shows much higher veloci- 

t i e s  than the  measured veloci t ies  c i t ed  i n  Monograph 25, but it is not 

c lear  where the experimental ve loci t ies  were measured. The in teres t ing  

feature of the approximate analyt ical  curves is t h a t  the velocity only in-  

creases modestly with a doubling of discharge, and there is even less 

ef fec t  in  increasing the baff le  p ie r  height from three f e e t  t o  f ive  feet .  



LOCAL SCOUR AT A BAFFLED-APRON SPILLWAY 

The flow along and a t  the t a i l  end of a baffled apron is highly 

turbulent with an unknown but  very non-uniform velocity distribution and 

a difficult  t o  define thickness. S t i l l  and a l l ,  it is a je t  impinging on 

the tailwater and eventually on the streambed. In the pool between the 

tailwater and the streambed it is decelerated and diffused through the 

turbulence created a t  the shear face between the je t  and the pool as 

happens with any submerged jet. A t  the streambed it is  turned to  the 

horizontal, and when the scour hole is formed, up. The flow exerts forces 

on the boundary particles and moves them out of the scour hole unt i l  a t  

the l i m i t  the pool is big enough to slow the flow sufficiently so that the 

sediment particles are no longer mved out of the scour.hole. There may 

s t i l l  be some shifting of the sediment particles by the turbulent flow a t  

this  limiting condition and yet no increase i n  the size of the hole, 

An analytical solution is not possible, but even model studies 

need a modicum of analysis for interpretation. I f  a model is to  be dynam- 

ically similar to  a prototype it must also be geometrically similar and 

kinematically similar. Except for the scour hole, geometric similarity is 

easy t o  achieve, Kinematic similarity w i l l  be very closely approximated 

for flow i n  a structure such as th is  by use of the Froude criterion that 

the relative velocity ratio, Vr = V p p  - 5 where the model scale Lr = r 

Lm/Lp. 
The velocity a t  any point i n  the model relative to  a reference 

velocity would be the same as the velocity a t  the comparable point in  the 

prototype relative t o  a comparable reference velocity i n  the prototype. 



A convenient reference t o  use is  the nominal c r i t i c a l  velocity Vc - - , and for  l inear  dimensions yc = 3h2/g . Whether t h i s  combination 

of velocity and depth ex i s t s  anywhere i n  the model is immaterial; a l l  r e a l  

veloci t ies  and depths w i l l  be re la ted  t o  these reference conditions by the  

flow r a t e  q and the  geometry of the structure.  

Dynamic s imi lar i ty  fo r  the  pressure forces of the baff les  on the 

$low and the consequent e f fec t s  on the  flow can be expected t o  be s imilar  

i f  the Raynolds number of the  model is above l o 3 ,  which ordinari ly would 

be true. Dynamic s imi lar i ty  fo r  the forces on the sediment pa r t i c l e s ,  and 

the consequent scour, is another matter. Imagine a channel added t o  the 

s tructure upstream of the cres t ;  t h i s  channel t o  a t  c r i t i c a l  slope with the  

nominal c r i t i c a l  depth and c r i t i c a l  velocity being charac ter i s t ic  of the  

flow. This imaginary channel would be composed of fixed sediment pa r t i c l e s  

the  same as  those which would compose the surface of the  l imit ing scour 

hole; because of self-sorting this amour layer  would be coarser than the 

sediment t o  be scoured out. 

I f  the  re la t ive  roughness and the Reynolds nrrmber of the flow a re  

large enough the boundary shear can be written a s  

where d is the mean s ize  of the sediment i n  fee t .  The expression comes 

from using n = 0.0355 d1l6 in Manning's equation. Now i f  t h i s  boundary 

shear is compared t o  the c r i t i c a l  t r ac t ive  force required t o  move the sedi- 

ment pa r t i c l e s  an expression of scour tendency resu l t s  
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i f  the cr i t ica l  tractive force fc  = 4 d (note that this  meaning of "criti- 

cal" i s  for the beginning of sediment movement and has nothing t o  do with 

the other sense of c r i t ica l  as being the minimum specific energy level.) 

~f the sediment i n  model and prototype are both sand or gravel and the 

size of the sand is larger than the thickness of any possible laminar sub- 

layer i n  a comparable flow on a smooth surface, the value of T'/T should 
0 c 

be about the same i n  model and prototype i f  the size of the sediment in  

model and prototype are related by the model scale. The tendency for 

movement would certainly be the same in the imaginary channel upstream of 

the crest. A t  the surface of the limiting scour hole T;) /T~ - 1 in both 

model and prototype, and although it is difficult  t o  say what velocity and 

length should be used in evaluating Ti and jus t '  how they would be related 

t o  the boundary shear, i f  the scour holes in  model and prototype were i n  

proportion t o  the model scale, it is reasonable to  suppose that the condi- 

tion of T;)/tc 4 1 would be satisfied in both model and prototype. O r ,  t o  

reverse the statement, if the sediment size is scaled up, the depth of 

scour and the shape of the scour should be similar i n  model and prototype 
I 

and i n  the ra t io  of the length scale. 

i 
For a given geometry of structure, one might expect the relative 

scour depth ds/yc t o  be function of T;/T~; the larger the boundary shear/ 

cr i t ical  tractive force ratio,  the larger the ds/yc ratio. A somewhat 

different but roughly parallel function could be expected for every differ- 

ent spillway geometry or change i n  yc. According to  Monograph 25 for a 

prototype discharge rate of 60 cfs/ft  and presumably using a 0.5 mxn sand, 

a 1:16 model gave prototype scour depths of 8 feet  to  12 feet (prototype 
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scale) with baff les  of various size.  A t  l e s se r  discharges, the scour 

depths were somewhat less .  

A comparable scour hole is found a t  the toe of rapids in the 

Colorado River; the geometry of the rapids is random rather  than regular 

and the rocks (baffles) range i n  s i z e  with most smaller than 0.8 yc but 

sane larger.  However, there is a j e t  similar t o  tha t  of the baffled-apron 

spillway penetrating the tailwater and scouring the bed. The flaw flucu- 

a t e s  on a dai ly and weekly basis  fo r  power generation a t  Glen Canyon dam 

and fo r  longer time periods with storage requirements i n  Lake Powell. The 

sediment being transported has a mean s i z e  of about 0.3 mm but t h e  scour 

hole may be armoured. The uni t  discharge a t  the typical  rapids is about 

66 c f s / f t  and the  scour depth is about 25 feet.  Thus three data poin ts  

of more-or-less precision are available. Since Vc and yc are related t o  

q, the boundary shear /cr i t ica l  t r ac t ive  force r a t i o  can be written as  

The graphical scour depth relat ionship shown i n  Figure 4 is a 

guess, but an informed guess. For some s i z e  of sediment the scour would 

be zero; t h i s  s i z e  i n  r e a l i t y  might be s o  b ig  that the geometry is changed. 

As the sediment s i z e  decreases the scour increases, but the function should 

be approximated by a power l e s s  than unity. A family of curves within the 

band shown would be expected fo r  d i f ferent  geometry. The scale of the 

s tructure is given by yc, a l l  other dimensions would be fract ions O r  



Figure 4. Possible scour a t  a baffled-apron spillway. 



multiples of yc. The sediment must be granular and cohesionless and, if 

r 4 d, a proper correction should be made, 2 
One very important caveat should be noted, The Bureau o f  Reclama- 

t i on  t e s t s  were for one-half hour and the l imiting scour might not have 

been attained. If the limiting scour is greater than c i t ed ,  the laver part 

of the curve, the part t o  be used, would be raised some unknown amount. 



DEGRADATION BELOW SPILLWAYS 

Another kind of scour which must also be considered i s  the degrada- 

t ion  which occurs i n  the reach below the spillway. The reservoir created 

by the dam traps the sediment supplied from upstream. Although i f  the 

reservoir is shallow some very f ine  sediment (clays1 might not be trapped, 

the sands and gravels, the type of material t o  be scoured out downstream 

w i l l  be. The reach immediately downstream from the spillway w i l l  be 

scoured out t o  the l imi t  where the flow can no longer move the boundary 

materials. A t  the  toe of the spillway t h i s  action is aside from but w i l l  

J 
be intermingled with the loca l  scour. The sediment scoured out supplies a 

load temporarily t o  the next area downstream, but when the f i r s t  area is 

scoured out no more material is supplied and the next area is scoured out. 

As a f i r s t  approximation each f i n i t e  area is scoured out t o  be followed by 

the next. The lowered velocity in  the  degraded portion of the stream has 

a lesser  velocity and, therefore, a lesser  slope t o  the energy gradient and 

t o  the water surface. Thus the  water surface drops and more scour takes 

place. The degraded reach becomes longer and longer and the stream bed 

elevation jus t  below the spillway becomes lower and lower u n t i l  some other 

factor  stops the degradation. This other factor  can be a lake or  reser- 

voir which l imi ts  the drop i n  water surface, o r  a layer of coarse sediment 

which the  flow cannot move and therefore limits the  drop i n  stream bed 

elevation. This layer of coarse sediment can be created during the  degrad- 

ation of the reach i f  enough coarse material t o  amour i s  l e f t  behind from 

the material being scoured out  of the bed. 



PREDICTION OF THE PROBABLE SCOUR AT THE QUEEN 

CREEK EMERGENCY SPILLWAY 

There a re  two pa r t s  t o  the  prediction of the probable scour a t  the 

Queen Creek emergency spillway. The f i r s t  is the prediction of the loca l  

scour a t  the  base of the spillway; the second is the prediction of the de- 

gradation in the reach below the spillway for t h i s  is the base from which 

the local  scour is measured. Both predictions must be qualified, but 

should serve fo r  preliminary design. Further studies w i l l  be needed- for  

f ina l  design. 

Predicted Local Scour 

The basis  f o r  the prediction of the scour was l a i d  i n  a previous 

section of t h i s  report as ds/yc a s  a function of yc/d; a log-log p lo t  of 

the desired relationship is shown i n  Figure 5. 

Assuming the height of the  baff le  p iers  h = 0.8 y and the other 
C 

dimensions a s  tested by the Bureau of Reclamation and recommended by them, 

determinations were made of the probable depth of the scour for  un i t  r a t e s  

of discharge of 60, 80 and 100 c f s j f t ,  and mean sediment s izes  of 1/2, 1, 

2, 4 and 8 inches with the  resu l t s  shown in Figure 6. 

The samples of top layer  of alluvium, about 5 t o  6 f e e t  deep, have 

a mean s i z e  of between 1/2 a d  3 mm and maximum sized gravel of about 3 

inches. This layer would probably completely vanish i n  a large flood be- 

cause there is very l i t t l e  material t o  provide an armour layer. The next 

layer  of sediment is much coarser and goes down t o  over 12 f e e t  below the 

land surface. The mean s i z e  of t h i s  mixture of sand, gravel and cobble is 



Figure 5. Assumed local scour relationship for Queen Creek emergency 
spillway. 



D (inches) 

Figure 6. Estimated local scour at Queen Creek emergency spillway. 



between 3/8 and 2 inches in  the different samples and the m a x i m u m  size 

cobble is between 6 and 1 2  inches. The 90% size in the samples varied 

between 2 and 8 inches with the average about 5 inches. There probably 

would be enough coarse gravel and cobble size particles to  amour the 

scour hole and l i m i t  the local scour to  4 feet. Since part of the layer 

has to  be removed t o  form and place the concrete it would be more certain 

i f  the material was roughly sieved and the coarsest 20% laid out from the 

base of the structure in the shape of a natural scour hole as shown 

schematically in Figure 7. Details of the shape and length of the scour 

hole should be available from past Bureau of Reclamation model studies, or 

from the final design tes t s  planned for the Queen Creek structure. The 

armour (riprap) s t r i p  should be 12 t o  16 feet wide, but need not extend t o  

the downstream end of the scour hole--only far  enough to  turn the je t  up. 

Depending on the final decision as to  the unit rate of discharge, 

the dimensions chosen for the baffle piers, and the availability of riprap 

material to  amour the shaped scour hole, it should be possible t o  limit 

the depth of local scour t o  four feet--but four feet down from where, is a 
. 

Ff gure 7. A r t i f i c i a l  ly riprapped local scour hole. 



Predicted Degradation 

The depth of local  scour must be measured from the degraded stream 

bed--not the or ig ina l  stream bed. Except for possibly some very f ine  sedi- 

ment par t ic les ,  the reservoir behind the dam serves as an excellent trap. 

A s  a r e su l t  the flow away from the  spillway has an a b i l i t y  t o  transport 

sediment, and it w i l l  do just  that. The sediment it transports w i l l  come 

from the streambed which lowers and lowers and lowers a s  time goes on. 

Trying t o  follow t h i s  process through time and space is: (1) d i f f i c u l t ,  

(2) depends on the probabili ty of occurrence of various se r i e s  of extreme 

events, and (3) requires a good understanding of the  self-sorting action 

whereby the composition of the bed material gradually changes. If  a l i m i t  

t o  the  degradation w i l l  not be reached during the  l i f e  of the dam and 

reservoir,  such a solution must be sought even i f  the confidence tha t  can 

be placed i n  such a solution is less than desirable, A more certain 

answer can be obtained i f  a l imi t  sensibly ex i s t s  and the de ta i l s  of jus t  

how it is achieved can be bypassed. 

The f i r s t  s t ep  is t o  describe the  normal, sediment-transporting 

flow. This has been done i n  Table I assuming a rectangular cross-section 

so tha t  the discharge is categorized by the u n i t  r a t e  of discharge q. 

Mannings formula with a n = 0.30 has been used t o  find depth y and velocity 

V, and S t r i c k l e r t s  n t o  find the p a r t i c l e  shear = v2d '13/30 y"3. 
m 

A sand and gravel layer about s i x  f ee t  thick overl ies  a sand, 

gravel and cobble layer a t  l e a s t  s i x  f e e t  i n  thickness. The percent f iner  

curves for  these two sediments are  shown i n  Figure 8. In  averaging the 

samples a weight was given t o  the thickness of the layer from which in- 

dividual samples were obtained. 



- Tab1 e 1 .  Normal Stream Flow tharacteri stics 

Figure 8. Size distribution of surface and underlying material a t  Queen 
Creek . 



. " 
In order to evaluate the sediment-transporting characteristics of 

the flows, each sediment was divided into five equal fractions with the 

characteristics shown in ~ & l e  TI. The critical tractive force was evalu- 

f ated as 're = 4 d, and the fall velocity w as if the particle was a quartz 

lr - -  - . -  

sphere falling by itself in 10°C water. 
-- -- - - . .- - . - -- - -- 

Table 11. Bed Material Character1 s t i e s  

Surface Layer 

d90 d70 d50 d30 d10 

Under1 y i  ng Layer 

d70 d50 

The sediment-transporting characteristics of the flows can then be 

evaluated by the use of the equation 



can be obtain (z is percent by weight). (For a f u l l  explanation of the 

relationship see "The Total Sediment Load of Streams" i n  the Appendix.) The 

computations are summarized i n  Tables 111 and IV. 

P 
What do these computations imply? F i r s t ,  it is obvious t h a t  most . 

of the sediment load is derived from the  f i n e s t  fract ion of the bed material.' 

P This finding is not unusual--rather it is typical--and the 1.5% by weight 

concentration f o r  a un i t  discharge q = 80 c f s / f t  is a lso  t o  be expected for r a stream such as  th is .  I f  the  flow could get  a t  t h i s  f ines t  fract ion and 

maintain a concentration of 1.5% by weight, it could sweep out the f ines t  20% 

of the six-foot thick surface layer f o r  a distance of 1000 f e e t  i n  16 minutes. 

However, it cannot ge t  a t  a l l  of the f ines t  fract ion because the  

fract ion does not move out  at the  same ra te ;  it would take over f i v e  days t o  

move the coarsest 20% i f  the conditions (depth, velocity, sediment, etc.) 

stayed as  calculated. The bed material would cowsen, the sediment load 

would reduce by a fac tor  of 10, but a t  r a t e s  of flow of 60, 80, 100 c f s / f t  

a l l  or  almost a l l  the  surface layer would be removed f o r  a considerable 

distance downstream from the spillway. It is possible t h a t  the very coars- 

e s t  of the coarsest 20% would remain, but probably not enough t o  armour the 

stream bed. 

A s  the streambed in the first shor t  reach below the spillway is 

degraded (lowered) the depth of flow is increased and the  velocity is de- 

creased for  the same uni t  discharge. This decreases the capacity of the  

flow to transport sediment and decreases the ra te  of degradation, but t h i s  

tendency does not l a s t .  A s  the degraded reach lengthens, the water surface 
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Table 111. ' Computation of Total Sediment Load for Surface Layer 

p (d/yl7I6 ( T , , ' / T ~  - 1 )  f(m/w) 2(% by weight) % o f  total load 
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P~umrrrrt~ae. OP msi P'rm Hnmu1~011 O<)Wrnamoa 

1 '- , . 
the notion of a limiting cant of scour, Tho rate of q u r  *l equal 
xero when the capaaity is' exaotly equal to the supply, That a limit ' 
exists, for which the ratg of acour is equal to mro, oas be deduced 
with the aid of two further assumptions. 

The premiae that the velocity d e o r e k  asl the flow. section en- 
largea can be expanded ta require that the veloaity becornea zero 
when the boundary.mtenda to infinity. If the rate of flow is tlnite 
this aeeumption is muredly aoceptable, qnd ie aufaoient to prove ' . 
that a limit exists for the oaae in which material fs supplied to the 
ecoured area. If tbe capaaity decreases with the velooity then there 
m&t be some flnite bounilpry position for which the capacity squab . . . ' 
the eupply. Thie position will be the limit to the extent of scour. 
For the c u e  i s  whioh there is no supply to the soour hole an addi- 
tional aesumption ~II needed - that below some critical velocity the 
capaaity ie zero. There mwt then ba some flnite boundary poeition 
for which the velocity decreasen to thin critical value and the rate 
of scour becomes zero. For the o m  of no nupply, thia pasition eatis- 

r flea the notion of limit. m 8 

Pstabliehing the erfetsnce of a limit to the extent of acour given 
no indication aq to the time necessary to attain the limit, That the 
limit must be approached anymptotically om be shown, If the limit 
were to be ieach'ed in finite time, the saoar mwt oantinue beyond 
the limit, OF depwition (negative ecour) must occur after the limit . 
is reached, or the ecour proceaa must be deaaribed by two funotiona, . 

k n e  before and one after the limit. None of these pwibilitiea ie ad- 
nliseible. Deposition would require a two-valued relation between 
the capacity and the difference between the aatual and the limiting 
boundary, Continued swur iq not aompatible with the aoncept of 
limit. Ualcse some new fame k @dded there ie no reason khy the soour 
function should ahange at the limit. If the limit is approached , 
auymptotleally, however, no mqtter how amall the ditterence be- 
tween the actual and limiting bouqdary, there is (rlwaye a small rate 
of scour no that the limiting pasitiop 4 ppproaohed more oloaely. 
Not until the limit is reached at inflnits time does the rate of soour . 
become zero. This probesa fe orderly and coatinuow. ' 

To recapitulate, the folloyipg general aharaateristica which should 
be basio to any detailed analysis of local ecour have been deduced: 

1. The rate of scour will ual the difference betwees the capaoi- 
ty for tranaport out qf the, area and the rate of supply of . 4 
material .to that area. . , . 

2. The rats of scour' will decreaee JM the flow seotion M enlarged, 
. e 8. There will be a limiting extent of scour. . 

4. Thie limit will be approached asymptotically. . 
The premises necessary t6 form these characterietica are a defini- 

tion of scour, the prinoiple of conservation of matter, and two re- 
strictive esaumptions that describe the kind of proceaa the eoour 
,phenomenon ia expected to be. The two assumptione, which are not 
overly reotrictive but rather credible in the light of general knowl- 
edge of fluid mecbanioa and sediment tramportation, are: . 

1. The movement of the fluid along the boundary ceases when the 
bounbary extend8 laterally to infinity, . 

. 2. The oapaaity of the flow decreask in a single-valued eontinu- 
om relation aa the ffow aection is enlarged, and decreaser to zero 
before the movement of the fluid ceasea. # 

Nothing haa been aid or need be said, at  thia stage, &out the 
mechanism of tranaport or the method of eupply. It should be kept 
in mind, however, that only conditions at  the baundarg are under 
wmideration. 

By k i n g  p b o l i o  t e rm the flret general eharacteristio oan be 
written aa an equation of scour, 

where B ie a mathematical deecription of the bosndary, so that 
d - [f (a)] ir the rate of scour, d t 
q ( B )  L the oapaaity of the flow aa a function of the boundary 

poeition, and . 
s ia the rate of supply. 

To apply thia equation to a speciflo situation, the rate of supply 
m d  the eapasity of the flow tss i t  varies with the boundary pod- 
tion) muet be known, If the relation between,captrcity and the ve- 
locity distribution near a boundary were  know^ exactly nnd if meth- 
ods were available to epecify the flow pattern for any boundary 
mndition, the. equation of eeour could be used to solve any ecour 
problem. For most instanoerr such a relation and much method8 are 
not available and recourse must be had to approximations and ex- 
perimentation. # *$ i  

How the aolution for a speciflo instance of scour could be obtained 



within this general hrmenprk om be men by m srrmination of i 
paper by Str4ub (1). The ~p?ciflo eituation w u  the equilibrium ' 
depth obtaining in long ohannel oontzactioxu. The procedure nu 

. d  ' 

equiyalent to pettin8 a [ f ( B ) ]  = 0 dnd 10lrlng far the I i d t h 6  

oondiUon of iooor. .At the limit tho eapaoity for t r a k p o ~  in tho 
oontractsd, acoured seation mwt equal the k t e  of mpply -- ~ b l c h  . . 

ia equal to the capaoity. fop transport in the uncontraotod motion. 
The contraution wae sdficieatly lqng that eseentially uniform flow 
wai~ eahbliehed. I 

The fldw wna.dfscribd by M.an.ing8a Ionanla kith the LLM *r. .: 
ne of r, in the contraoted and unctoatraoted mctiooel 

and the capadty wu desaribed by L nedidiment trquport formula 
of the DuBoys type' with soefsaienQ erperimenblly detemined, 

9 
@ (B) =%$yd~ds(~dl&-r.) = W,Suaa&(yd#s-te) =I (8) 

Upon oombining Eqa. (2) and (a), an @qaa.tin for depth of  OW 
in the crontracted portion iP formed, 

In these and tbe following equatioas, 
Q and Q. w the r a k  of flow gf wcter and sediment 
$ and r, are oonatanta . 
HA and & are the elopa in unoon~aotmj and oontracted oeoqonr, 

is the coatractlon e~ that WS = (20-p)  Wt, and . 
' dA and da are the deptts in uncontraobd and contracted motion. 

Experiments ip the laboratory confirmed thin relationhip very 
closely. 8ueh eonfirmatiof could be expected since thq coefllcient. in 
the transport equation were determined under similar conditiona. 
Whether Eq. (4) will a ly to Aeld conditions depends not on Eq. 
(I), wbich muat be v a l g b u t  on Eq. (2) and especially Bq. (91, , 
whic11,are approximate, Bquation (4), with 7, equal to zero, is very 

UVLBB* OH N A T U ~  or BDOm . . . 
' n k l y  43rilNth';r equation [a], which is based on 0eld ohmatiom, 

Thia agreement between andpie, laboratory, and field indioatee that 
sven approximate knowledge of t rmpor t  and flow conditiono 
lead to uaefd readta. 

1 
8 0 0 ~ ~  BY A SUBMEUOED JET I 

Under the sponsorship of the Omce of Naval Researoh, the Iowa 
Institute ie conducting an inveetigation of the efiect of eediment ' 

chqraoterietice. on the scour process. A eubmerged jet ia being ,used . 
aa the aotive emuring agent, and the flow ae well ea tbe sedimant 
obaraoteristica b being varied. For uniform sanda it hae been found 
poeeible to analyze this scour proceaa by meane of Eq, (1) and the 
necessary empirically determined relationships. 

The experimental boundary' honditiona are shown schematiaally 
in Big. 1. It waa found necessary to restrict the pendulation of tha 
jet by the lip shown at the upper edge of the slot. The sand profile 
WM obtained by photographing with back lighting, and the time of 
observation vaa recorded by tbe including of a clock in the p h o b  
graph. 'A typical series of profllea is mperposed on Fig. 1. Ban& 
having the characteristio curves designated ae MI 4, and B in Fig. 
2 were peed, 

Bimi1arity of B C O U  prodla wm eat~blished by plotting the dimen- 1 
pionlees cwardinatea of the profilee; the horimntal distance from the 
dot to the erest of the dune WM need ae the repeating variable (Fig. 



I * I 

I), Except for' the prollla repreaentatin of an QitW tran6it0~ . . 
stage of s m r 8  dl the prorUa of a run mperpoae if plotted iq (hL 

' 

manner. Moreover8 the proflle form for all runs of any one ~d 
were almost identical and the fo rm for the variona aanda differed. 
only slightly, . . 

h) 
o At the beginning of each run the sand wan moved M bed load. 

During thh-transitory stage, the verticd dimeneiom bf mbr hole 
and dune increased faater than the horisontal dimepni~xu, When 
the upstr~am face of the dung reached the natural angle of ;epoee8 
the mechaniem qf transport changed to euepeneion. The sand ww 
then entrained by the flow, largely at  the point of impingement, and 
wan lifted in suspension by the upward currents of the flow. $oms * 

* of the aediment was Fetulded to the ooour hole by the large puntar- ' 

olockwise eddy shown in Fig. 4, The greater part of the sediment .' 
waa depoeited QP the upatream fam of the dune and slumwd back ,, . \ 
into the scour hole. The oand removed from the ncour hole was wn- 

* 
.Baed to that portion which deposited downstream from tbe atwt of 
the dune. 

. Having establiehed similarity of proflles i t  waa eufEcient to ex- 
amine one typical dimension in the investigation of the vatiation 
of the extent of saour with time. The variation of the extent of 
scour with time ie plottad in Pig. 5, the distance SJJ (see . Fig. , 4) 

having been ohosen ae a typical length. After the transitory atage it 
om be seen that the plotted pointa scatter around the straight linei 
with the logarithm of a time parameter aa abscissa. Thia would seem 
to indicate that the extent of scour would become infinite aa W e  

, became inflnite --in contradiction to characteristio No. 3 of the 0nt 
aection, that there must be a limit to the extent of scour. 

. . By reduoing the veloaity of 0ow after a scour hole had developed, 
oxraditiona could be imposed eo that the sand pertialeti rarely moved 
at  the point of impingement, and movement 04 any particle over the 
orest .qrm hardly mnceivable. An increase in velocity would increase 
the amount of movement. The limiting velocity for any given size 
of scour hole was arbitrarily deflned & the velocity whioh appeared 
to carry particlee to, but not over, the crest, during a period of ob* 

- eervation of several minutea. The pointa in Fig, 6 were tbue ob- 
tained. To provide a distinguishing notation, SD at the limit has been 
oalled xh. .A limit such as indicated in Fig. 6 and a relatio~lilhip 
between extent of scour and time as indicated in Rg. 5 can both 
axist only if the true function i~ approximately logarithmio over a 

, aoasiderable range and yet approachee a flnite limit. That such a 
function can deacribe the phenomenon will be shown. 

In order to obtain an independent measure of the capacity fun@- 
I 



I ir a 

lira. 6, V w ~ q o y  or iP~lrl OI Boom w m  TIM* 

. 
tion, a sand hopper wae' added to the axperimeqtal equipment. The 
aame experimental prooedure was wed lur before, exoept that, above 
the dot, sand was supplied at  a meaaured rate. A scour hole and 
dune formed as before and Qe pattern WM essentially the same as 
without the sand feed. The dune advanoed downstream until the 

'rate of removal of sand from the scour hole eqvaled the eediment 
eupply. The position of the &stream faoe of the dune then moved 
upstream. The effeat of the bopndary configuration on the oapmlty 
of the flow wm dstermine4.M relating each rate of sediment mp- 

Ra. 0. Lrmmara Ex- or Booup. . . . * i  

ply to the podtion of the crest of the dune when the upstream face 
was at  ita maximum distance from the slot. By vstyisg the velooity 
and by using a eeoond aand the composite plot of Fig. 7 WM ob- 
tained, thereby determining a capacity function, 

in which b hi the width of the ohannel, H, hi a dimemional anatant, ' 
and w b the fall velooity of the aediment. 

Sinae the eimilarity of shape had been eetabliied, tha rats of 

h a .  7. O A P A ~ ~  or lsum~aam JZT. 



soour per unit 'width b u l d  be writtan rsi . 

in whioh the aopflloient 1E; for the different eaadn io 0.14 for sindo 
lii and A, apd 9.16 far eand B. Theee coeflcienta were determined 
from eimilarity plots auoh aa Fig, 9. By modifying the aapacity 
function to include a limit sb for which capaoity would be zero, and 
inserting Eqs. (8) and (I) in Eq. (1) a diffewwtial quation of 
soour wae obtained, 

d ( d )  K , v ~ * ~  ( 1 . stb) . - P- r---- 

w' z,,' .. . . (8) 

Thia equation pas be jpkgrated to g in ,  
. 

An in seen trow Fig. 8, the funation f (a!!/*&) hrs the desired ohar. 
aoteristica of appr~ximatipg, over a w~iderable,  range, a straight 
line with semi-logarithmia plotting and aleo being seymptotia to a 
limit. 

Agreement betweeq the aboye thsory and erperiment pae realiEed 
when values of x& from the atraight line on Fig. 6 were wed ia Eq. 
(9). That the x& values to be used in Eq. (9) are smaller thm those 
determined by experiment might be expected, because E)q. (6) is 
a simple spproximation of the anpacity funation. The effeot of tur- 
bulenae is not fully inaluded thereinVsspe8ially a t  the limit for 

. r Sl& B. VP~~OITJOU O? BQ. (11). 

whiah owdonal turbulent velwitiq but not the mean velooity, om 
be eutllcient to enlarge the e a r  bola 1 the equivalent upremion 
for st, 

. L a e u ~ t i t u t 4  in ~ q .  (91, a new sat of pirametsn for the mf~icieni 
of t obtained, and Eq. (9) takes the form t 

=- I 
w/a 

K. v,- (11) 

- - 
Thh equation is a mean line through the pointa in Fig. 0. The pointa 
off the lower end of the line are from high-velocity rune of short 
duration. Ilubtrsction of a time for flow cutubli~irtnent would bring 
these pointu*cloeer to the theoretical curve. A +tombination of Figs. 
8 and 9 raulta in Rg. 10, wherein the extent of scour, i~utead of 
a funotioa of the extent, ie plotted against time. 

Under tbe epoaeorship of the Iowa Btate Highway Commiaaion 
and the Bureau of Publia Roads, the Zowa Institute is conducting 
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r comprehensive etudy of the bridgs-pier scoar problem. The r d b  
of the fint two phusl of thie ntudy have been ispo&d in d e a l  
elsewhere (8, 4) and only those ragulta pertinent to the generd . .' . . ecour problem will be etreased here. 

If an obrrtruotion, such ae a bridge pier, ia placed in a natural 
mdiment-bearing itream, the flow pattern in the immediate vicinity 
of the obstruetioq is greatly modified. Sinoe the capaoity for mdi- 
ment transport Je (tependent.largely upon the velocity ttt t&e level 
of the particles in motion on the bed, the t~uulport capaoity at  
points near the obetruotion will ale0 be modifled. An a result of the 
variation in oapaoity in the yiainity of the pier, soour will occur 
where capacity exceed. ~ u ~ p l y .  The enlargement of the boundar). 
caused by the nwur will further modify the flow pattern - and in 
turn the scouring action - continually approaching a limiting, or 
equilibrium, flow and bovudary copdition. 

For the study of the effects of velooity, depth of.flow, and sedi- 
ment eize, a traaeport f l lde,  with 8 trap for determining the rate 

of sediment tranaport and an elevator for adding sand at that rate; 
wan ueed. A typical pier with a web set at  an angle of 80' to the 
flow has been need in all theee experirnenta to date. The range of 
teets hae included depths of flow from 0.2 to 0.9 foot and velocities 
from 1.0 to 2.25 f p ~ .  The lower limit on the velocity we the require- ', 
ment of appreciable bed-load movement; the upper limit wee im- 
p o d  either by an approach to critical flow in the flume or by sand 
jumping the trap. The variation of velocity and depth resulted in 
a fifty-fold variation in the rate of sediment transport, Ban& A-1 
and 116 of Fig. 3 have been tested. 

The relation between equilibrium depth of scour and the velocity, 
depth of flow, and eediment eige is indicated in Pig. 11. The effeot, 
if any, of velocity and sediment sim is eo emall as to be within the 
precision of the measuring inatrument,.The effect of depth of flow 
4 comiderable, although the relationship L not one of diieet p m  
portionality. ' 

These experimental reaulta can be rationalieed in the light of the 
general oharaoteristics of the ecour procese. For the velapity to have 
no effeat oq the equilibrium depth of ecour, the capacity for tram- 
port of the epiral roller at that scour depth mnst alwaye equal'ths 
r a b  of eediment eupply ae furnished by the bed-load movement'in 
the flume. Thii oan be true ~ n l y  if the capacity of the roller and ths 
aapacity la the flume bear the eame relation to the mean yelooity of 
flow. In the seour hole, the velocity; at  the grain level b a fnnotion 



of the velwity of the rolieri ip the flume, it h a funation of the 
mew velocity. The yelwity. of the roller, as a flrat approrimation, 
could be expeoted to bear a conetant ratio ta the mean velooity of 
flow. Therefore, the yelocity sf the level of the podng graipe in the 
ocour hole and in the flume ebould result in blanoed ospadtiee no 
matter what the a b l a t e  ~pagnitude of the 'mean yelocity. Beeen- 
tially the same 8rgument will explain the lmk of ahqge  of scour 
depth with a change is the aim of the uniform sand, 

A eimilar analysia will ahow that the depth 'of ecour ahould in- 
areaae with the depth of flow. Aa a result of the vertioal velodty 
distribution, the velwity a t  the level of the moving asnd graina in . 
the flume will deqmase aa the depth.of flaw inoreaaea. Bince this ve- . 
l a i t y  h the active agent of tramport, the r+ts of lbdirnent (rmup~r( 
in the flume will aleo deorease. For an eqpilibrium deptb of eoonr 
to obtain, the oapacity of #e roller mun$ eimilarly dmaae.;  The 
vertical velocity distribution hae only a aeaondary influenca on the . 
roller velocity. The roller must, therefore, increme in oize to bq re- 
duced suficiently in veloaity, and thereby in oapacit7-reuulting 
in a greater depth of scour for greater depths of flow. 

The rationalization in yeapect to the effect of velocity on the 
equilibrium depth of roour wao confirmed by a eeriea of teate on rate 
ot eoour. For ?hie aeries the sand bed of the flume wae replaced by 
bricks except in the viulnity of the pier. 'Pramport into the hole ww 
thua minimiaad. The rate of ecour aa a funotioa of the depth of ecour 
ivabown in Fig. 12, The soour rate a t  small depth6 of aoour ahouId 
be dieregarded beoauae of the unsteadinerre of flow dnrjng eaMbllisb- 
meat, and a t  d e p t h  appromhing the equilibrium beoawe tranaport 
into the hole becomes significant. If the middle portion of each rate- . . . 
of-scour ourve ia  extrapolated, the aapacity of the roller a t  the ' ' 

equilibrium depth L found to be equal to the traaeport LntO the hole 
under uormal transport aonditione. . .  

Two qualifications, irnplictit heretohe, limit this analysis of 
bridge-pier ecaur. The lower limit iq expremed by the requirement 
for general bed-load ploverneat, As flow oonditiona approaoh the 
critical for pediment movemeit, the turbulence gtructure assumea 
greater importance. The upper limit ie expressed by the requi& 
rnent for eub-critical flow ( Fl<l). The flow patterns for Froude 
nunbers greater and l u .  than ,unity will be markedly different, 

Large acale exporimonta %%)eeded to explore fully the effeot of 
clrntl~ nf flaw on the equilibrium flepth qt ecaur. The depth of flow - 4  

I * -  

' 
Ra 18. Drolra or Boom ~r r Fowano~ or VSUMWT, ID1Pnr or L'tov 

AND [IEDIYL#T 818~. 

I should not be aoneidered merely a geometriu length variable. In- 
deed, its influence doer not appear to be direct, but indirect through 

, 111 influena on the relationship between the tramport cnpaeity in 
. the unobetmoted etrearn and in the'ecour hole. The dynarnioe of 

the flow and the atate of the bed mag, therefore, have secondary in- 
iiuencae implioit in the effect of the depth of flow. However, if the 
qualifications mentioned above are met, the velocity of flow and eedi- 
ment dm, iosofrr u they determine the abaoluta rate of transport, 
should not affect the equilibrium depth of ticour no matter what the 

' 

scale. It is thia simplification which given promise that a correlation 
I between field and laboratory h a y  be pdseibla. 4 
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1 By reaaonio~ from r few prewieee, ave&iI generd'&aracterietiCs 
of aconr were demonetrated - that the rate of ocour fe equal to the. 
ditrerenoe between the papacity of flow hnd the rate of supply, that 
tbe ratg of scour decreaaea tw the extent of noour increases, a6d thaf 
there h a finite limit to the extent of soour which is approaohed ; 
asymptotically. The first of these chargoterietios muat be true of all 
ocour phenomena. The othera are true if the flow pattern oomplier 

. with the restrictive aseumptiona made, For moat c a m  of soour, the 
asgumptions are credible. Other aeeumptiona, of come, might be 
adopted to describe the flop pattern in some special cirou~petsac~~~. . 
The deduction of eimilar characterietics should then follow. 

Tbe m-examinatios of 8traub8a eolution for the depth of flow in ' 
a long contraction shoved the assumed o4aracterietice to be in 80- 
cord with a particular oaee of scour for whioh laboratory and field 
' meaeurementa were already available, 

Tbe effectirenesa of t h a  principles in & 6rigina.I andyein WM 

tben demonstrated for the caea of scbnr by a mbmerged jet. By . 
wing an approximate experimental mpaaity function the digeten- 
tial equation of scour was integrated to give r relationship between 
the extent of k y r  and time. Experimental data .confirmed the 
analysis. , 

I 

The usefulness of the general conaepta ia interpreting experi- 
mental reeultn wae illuetrated for the caae of scour around bridge 
piers and abutmeqq. The experimental observations that velocity 

flow and sediment eize had no measurable eflteqt on the equiltbri- 
urn depth of scour were rationalized from the premise'that the 
transport capacities in the unobstructed flume and i~ the scour hole 
have the same relationship to the mean velocity of flow. The equilib- 
rium then does not depend on the a b l u b  rate of transport, but 
only on a balance between the two c'apaoitiea. The some reaeoning 
wan need in explaining why the depth bf flow had an influenca on 
the equilibrium depth of scour. Although thin influence cannot 
even be approximately expreeaed from the limited range of the ex- 
pertninenta, large-scale experimentation should provide data for 
ruclt an expression. The simplification of the'problem that haa been 
obtained indicatei that corrqlation between BeId and laboratory 
ellould be possible since the absolute rate of trapsport does not need 
tr, be aceled. 
Tn etisence, the formulati6t f the general characteristfcs trane- '. 

for* the aoour problem into the problems of the determination of 
flow patterns and of the relation between the flow pattern and the 
transport aapaoity of the flow. Although these two problems usually 1 

depend upon experimental determination, the bneral conoepta pro- 
vide a guidg for interpretation and analyeis. 

- .Mr. Paraone eaid that Mr. Laursen baa employed strllightfomrard 
reasoning in the a~alysie of the scour problem. A logical concept of 
the overall proce88 of ecour has been used ae the baais for the test 

' 

ing program and for orderly determination of the aseociations of 
variab1,es that ester into the mechanics of the scour proceae. The 5qt , 
eeeumption or dednced characterltio that the rate of wour in equal 
to the capacity of the flow a t  th? spot under oonaidention lm the 

' 
rats of eupply appam to be rather a definition of capacity. 

He called attention to a tacit assumption made in the analyein 
which ie undoubtedly correct for ihe conditions of the tuperimentu. 
Thh assumption is that the fall velocity M the correct repreaenta- , 

tion of the eEect of qualities of the bed material. Thia is aorrect eo 
long 8e the mode of transport is by mupension and that ampension 
Q due to vertical components a t  the flow. He felt that if transport 
Q occurring in olose proximity to the bed, inverptigators should eeek 
a more realistie expression of the pertinent qualities of the'material 
being transported, However, even here the fall yelocity may be a 
mtEciently close approfirnation. 
. Mr, Parsons believed that Mr. Laursen had deduced in a convinc- 

b g  manner that there in a lnite limit to the extent of scour. Fur- 
thermor6, he had devised and performed ingenious teatu to prove jt 
and to measure the ecour at the limit. 

Mr. Rome wished to emphaaio;e the point that neither the vetooity 
of flow nor the sise of sediment affecta the scour around bridge piem. 
Tbie signifloant conclusion, which results from the interrelated de- 
pendence on mean velocity of the transport both on the stream bed 
and in the eoour hole, leads to a marked simplification of a complex 
problem. 

Mr. Jetter expremed his interest in the work of yarnill and Nag- 
ler in determining bridge coefilcienta. He once asked Yarnell what 
would be the effect of debris caught against the bridge piere on the 
discharge coeflcients. Puturq studies ,?,ou1d be made along the line 
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of the effect of deb& on sconr' and on the deeign of piem to mini- 
mice debrb catchment. . . 
~i Iturrd mid that praatioing engineers are aware of the drift, 

or debris, problem, but feel that the general problem must be at- 
W e d  one factpr st a time. There are a number of variables which . 
affect the problem; as some are understood, otbera will be added. 
The relatioaehip of the bridge opening to the total flood plain ia a 
geometria variable that may be important. The work which Kin&- 
vater ia doing for the U. 8. Qeologioal Survey indicatee the impor- 
tance of this part of the general problem even though his work is 
aondpqd.tp a h e d  bed. There ia some indiaation that the amount 
of backwater oauaed by r bridge opening ia not changed by piers in 
the opening. The losaea from ooaetrictioniat the bridge seem to be 
much more importat than the pier l oaq  atudied by Yamell. 

Mr. John Dawou mid that reeearch performed under his super- 
vieion indicated an appreoiable movement in the eand two inches 
below a mud bed in movable be&. 

Mr. Albertson reported on a atudy in bb laboratory of the ecow 
resulting from aolid and hollow jets direated vertically downward 
onto a bed of erodible material. With low tailwater elevations the 
eaour hole was emall. It increased se the tailwater increased, read- 
ing a maximum and then decreasing. This wan contrary to htr ex? 
pectatione, but he believed that it pram due to ohangen in eecandary 
airculation. - Afr. Laumn onid in wnclusion that aneiderable experimenfa- 
tion remaine before the question8 raieed'by the diecussom win be 
anawered. Be Mr. Rome pointed out, thg absence of effecta of ve- 
locity and sediment elm on the eguilibriam depth of scour aroupd 
bridge piem ie a big etep in predicting ecour in the fleld from model 
utudiee. However, the effeot of depth of flow is very probably not a 
mimple geometrio effmt but may be related to the boundary layer. 
Furtl~ermore, the eorting that cap occur with natural non-uniform 
sedimenta may have a great importance in the fleld. Mr. Izeard haa 
mentioned another importqnt, oonsideration of the bridge wur 
problem -the conetriction effect. Thie ie likely to be eepecially im- 
portant if the floodplain carrip a high perceqtaee of the Bow but 
not an equivalent eedimept load. &our may ale0 be a faator in the 
discbarge relationship which is etndylag. Mr. Jetter'o 
question as to the efleat of cke be anewered at this time. . 

Debria mold  certainly ohaoie the geometry of i bo  pier. Thii effeot 
,will be etudied aa the program continues. 

Movement as deep as reported by Mr. Daweon haa not been noted. 
In the caee of the bridge pier, the ehifting moving sand wae only 
a few grain dinmetem in thickness. In the case of the eabmerged 
jet the layer of moving eand wae thicker where the jet impinged. 

1. Btraab, Q, 48Approrshea to the Btud, of the Mecbder ot Bed Move- . 
men&)* Plw. at  Bydroul(or Uoa~ermo8, Unir. of IOU. Btudisr in Enginset. 
ing, Bull. k0, lB40. 

$. QrMRtb, W. M., ggA Theoq of 811t R.aarporktion,*' TWM. d.8.B.O.Er Vd. . 
104, ISSB, pp. 1718-1748. 

8. h u m n ,  B. M,, 6'Progrsr Report ot Model ~ t a d i s r  of Claour Around Bridge 
* 

. Piera rod Abu)ptenk,** Bemarch Report No. 18-B, B i g h w a ~  vmrch 
Bwrd. -* 

c ~ U - D ,  R M., TO&, A, 6 @ ~ 0 d a l  at~diw of B O O U ~  A F O ~  BAI* pi- 
and Abutments-Sscond Progren Report," Pmcedngr of 8lrt Annwl 
Meetlng, Highwsy BsMUsB Board, 1858. 
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SCOUR 



r ) those due -to the rnodlflcrtlon of 1I1e flotv by tho brldgo cmsslng. For tlto , * . . ];ounJccI Navcn~kr  5, 1859 , past ton'~oars scour duo to tho ~111oclil1callon~~l~t~1a flow has bcon studled at the 
Iowa Iastltuto of llydraullc Research under the slm~lsorsbig of the -Iowa Stnto. 

' T R A N S A C T I O N S  . . Hlghway Commlsslon and the Buroau of Publlc Roads. A s  a result of that In- . . . . 
I vesllgatlon means for prcdlctinu the scour a& briclge plars I~avo b a n  cvotvcd 

w . .. . . 
. I * .  . . . . : I .  .. i The relatlonshlps wllich wero obtained will be prasc~~tcd In skclolon lorm In 

8:. . . -  . ;. 8 . .. ..*;I *. *. I 
..',., . r Papor No. 3294 .. . ! a later soctlon; for a lull dlscusslon of the Isvestigation .md tho dosign rela- . . I .  . . . . tlonshlps, reforenco should bo mado to the Mnal reports tvhlch Qavo Loan p b -  ' * : .: . .t - . . ( ~ p ] , l a ~ , 1 ~ 6 a , ~ a r t 1 ~  . -. ? e m  . . . - *  .... 1 :  1. :. : :I  .-• ?::*, :be.< : ., llshed in bullotln forna by tho Iowa Illghway Research ~oard.2#3 . .. 

. .. . ' - i 
. ,:..'a ,.:: . .  - ?  

Even without tho compl~catiny feature ol a brldgo crosslog the hod md 
.' ..- . . . . . . :\ .. I--.. f . banks of rur alluvlal stream cannot be conslctcrod as  Ilxcd. Superlmsod or1 the 

; - i i s  SCOUR AT BRLWB CROSSINGS ' ' . . . , . ..- very slow chnngos measured In geologlcrl titno, thore arc chmgcs which naly 
I 

I occur suddenly In r single flood, porlocllcrlly durlng a sarios of wator years, 
13y Bmrnett M. ~aur l l e43  M*AsCE . or  slowly during tho I110 01 a brldge. Past observations at 111o clrosen sltc, o r  

t . . . .,! .? at elmllor sites, must be rellod upon to estlnkite the s c w r  whlch may occur - I In the future* Each river and each reach must be studled to undorshnd Its In- 
dlvldual, @most porsoiiallzed, chaructorlstlca. 

uardtsl.oP;co,, 4 ~ e 8 . n .  % n~eneb, ~osoph N. ~ r d l o i i  D* v- &War@ -'I 
I 

The reach which includes the chosen bridgo site may k degradln~ ,,. a. Tboa; 8. V, C~IUIO; A. nylrads Tlwma8; ~ w h t a q  Pier Flgl  mm@i 
. &ad Emmcll M. 1 ~ ~ ~ .  . I mturally, as the erosional agent of the geological cycle, a s  a consequasce ot 

a darn some distance upstream, o r  as tho result of stream stratgl~toning i . downstroam. Old surveys and other records should ylold ovldcnco ol nnurai * ! 

6YNOPq8 
: . 'deuradatlon whlch can be used to predict the futuro. Degrndallon causod by 
I the works of mnn can bo analyzed, at loasl nl~proxlmatoly, on tho hsis of 

~ ~ l ~ t l ~ ~ s l ) 1 p r  are pmpaeod for the predlctlon of at PIerr and ] eedlmont-transport rolatlorishlps, that Is, It tho pl;urs of ~ n m  can bo mtlc1- 
pated. mbntr for tho cmo in which rodlment b # u ~ p l i a  to tho scour bole* The re- ! ' . 

, lglmhlpa mn oualned imm a co~~lblnatlon of an a ~ p r a l m a t e  m1~81E * Monndorlng stroams will tend to have the greatest depth at tho outsldo of 
I labratory uporln1ente, and depend On knowledge of the flow aOrtdlUDN at , 

tho bend and shallows bolween the bonds. During hlgh mtor, tho bonds will , . scour and tho crosstngs till; during lotv water, Ute roles will roverse. AS tho , the bridge site. . ... loops ol the.maanders grow, thoro may be natural cutoffs with resolt,u\t dca- - I fadatton of reach above and ag#radatlon of tho reach b~low. u~unlly tio I 

1 .  moatldor grows, scourinp: tho outslde of tho bend, filling tilo lnsldu; it 1s mt  
GENERAL &SPECTS OF TIIE PRODUM ; . t~nuoual durtng a floodn howevor, lor a chuto to dovolop across tho lnsldo of a ' 

band and ovon replace tho old channel, . I . I. 0rd.r to doslp  tho foundallons of a brldgo Over an ailuvlal it . BmMed strealnil are chnractorlstlailly wlde and tihsllo\v, with dcopop 
is ncccss~ry to how tho elevation of the 6lr0arn bod in vlclnf'Y of the ~hnnnols which may ~ h l f f  errnttcally. Evan if It I s  not kifovcd lhnt *if any.. 
plors and W(PIIIIII)E~IS. h e  c~ovmtion in quoetlon, ~OWOIOS 18 not the  vation ion tlllng can go wroll~, It wlllrn IS R ~ratural lawv, it nrust bo adtnlitcd tllat thoro 18 
at the unlo survey hnppcnod to bo mado, but tho loweut elovatlon which Wl1l a fnlr chance that during tho llf0 of a brldyo a dcop chansol niay davolop at a 
occur durlnl tho anllclpatod llfo of tho brldbo. Unf~rtunatel~, on~lneora @re pler at tho tlme of a ilood. 
epulppcd wltll slldo W]OS rather limn cryshl balls; thoPfore ttlfs ~OWOSI  

e 

Any cflntractlon, whothor of the main channel o r  of tho ovob*b;ln& flow, will 
! 

clevatlon nlual coupIod with a p ro~~bl l l ly  of occurollca* 011 this bas18 an ' result In scour during high S ~ ~ I ~ O S .  As tillown by L, t,. slrau44 tho princlplo 
emmmtc m n ~ y $ l s  i s  passlblo with tlro cost of construcllon for on0 stroam of contfnuUy al'i~llod to both tho iUschargo and 1110 scdtmcnt load pornllt tills ; 
bed cleva(lon lower lhaq anther  consldoro<t as  an hSuranc8 pr~mlum lor the to bo solved anrlytically sinco tho flow condltlons la b t h  tlla colltractad 
dccrearcd c l a ~ r .  of loss (including lnterruptlon of traflle)* md uncontractcd l%RCh08 can be conslderod unllorm. JI 1s )ikoly that lldr i 

o j ~ m r  nl+f,@c piorg crud Alrclsru~rlsrA l0~0rlnE of tho stream caw of scour given rise to tho old rlvcrn~nn's b i l e (  that during a flood a , 
b d  in tho ylclnlty of 1110 plots and ahtn~onte Cm occur iron1 a varlclty of Plains river will scour Its bcd as much as  tho wntor surlnco risoa, *flbat such 4. . 
causes, A useful dls(l11c:lon can bo made by separatin[: the v~r lous  ra"sos a _.rC. - . !  I 
inla two ~cncra l  cjlcgorie~; (1) tlmso cbrraclorJstlc of tho stroan1 1Lsolfs wd -- ----- a * h ~ u r  ~~n~ nrldl;o P I G ~ ~  n 1 9  r \ ~ l ~ ~ ~ o n i r , *  by'~f&l, Lourren, ~ M I  A. ~ a & ,  I 

~ I Y  o~ prlnled hor;, In February, 1900, In tito Journal of llm 111 )wily norenrch h n r r l  nbllonm~. 4, nrny 1058. 
'aSamr 11 nrwe0 Crosalnp,* by 9. $1. Lnurun, t o n  illglmtva~ jto#onkb n o a d  ' Hydraulics DIV(~&,&S ~ ~ o ~ ~ ~ ~ I I ~ S  pawl' 1360. ~~*~~~~~ 

ef t~ct  wlefi h a  p rpr  o i  aiicursiun war ol~~,ruvcd for ~v~b\iontjp~ !I+, :an$i0! Ol* 
-$t a?'.&lldln No. 8, Augur& 106 

4 *Approachor to tho sit r y w * ; g - h y + ,  a. Strn&FrJI . ,,, I  ID^^,, mpl. ~f C(V. &ngr&, lllol~fpa a~ji(.w*~ Ens& G ~ ~ ~ b ' ' a h : n  . 7 '1  i(dtnca, I d  Ilyd''aulloq C ~ Y O d l w  yf **re C q  C!tp bm; 1040, 
* ' .  I '  . - . .  . .  . . I .  . . ,, ,,-#&,+-1-' --U*.**--T- - . t . .- 1.; 
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nmur cannot be goner J throu@out lho atroa111 ha6 hen well domonatrnted by --- - -  . .. E. \V. Lane olld %. M. 1brl;md*6 . . .r* , .. .) 

The L o ~ g  Co.lmr(lo,t.-~y doacdbing th condl tlonm 1. the unuortn 
roach08 above r d  in a long contraction by a dlsrhargo wuaUa and a 
~cdlnlcibl-transpoxt equation, It 11 po661Ue to solvo lot tho ratlo of tho dopths 
of Slow in the two irache8-and, thoreloro, the depth of ~sCOU~. The 6olutlon 
~ 4 1 1  depend, In upon the equations aeieclod to descrlbo the flow u* 
taneport. Pig. 1 18 a deflnitlon 6ketch of the long mntrpct10n In xhlch thoro 
1s both channel and overbant contractlon. The Manniw~formul~ oM bo used 
to doccrlba the flow conditlona _.., .. J . .  * . : - .,.. 5 :?.:.t;; 

. . . r  ! . : . , ;-Q**. .;:c.. : -*l;,ga: .' .:a. , , , . . (.? s *  s:.u . 
. :,.; . . 4 *-• . 2 4 Qa - D l  tl ,. . 4 . P o . .  P8-a ': (1) 

' 1  . . ............ .$..-..'. .. ... ., .. 4:....,.,"l, 1;. ;..-*.Par .L:S 
.a& .. - . .*.. ,:;; - 1  . . a , :  .: ;: i , *: 

. . . 4 ':,, r~*. i tb.*, . : . ) l .  F.(:I'.'&.. . 
.! ...,., . . . ..: *i:il;. .. .',*:?f : t  .:.,;*&-. :,: .. . - , : 'V. I. ,t - I .  . 

. . ; I . ,, Qf - .- Ba 9? ... *.a . m*.'i,r'* * ! (2) 
" 2 -  . . . ..: .:. .: . I .  , .?.. 4f.r ,{.::.a, . 

nJ a,, m.l-mate form of U* t 0 1 ; l - s e d l ~ l t h ~ d  reiati+ns~p .rec&y.pro- 
' . .. l posed can be used to de~crlbe the ud lmnt  ooocentratlon . 'lp. 

1. 

:!: 1;. .: . : el .;\.;';a .* - 1; 1 ,fl;7 TI .!. 
.. ' , . -p ** , , , * . - . .a  . *  #..,:;:'.y,*?. . . . . . . . . . . . .  . . n.! t;.!.' c:.;*il = I; : . . in rhlch . . . -I..; :-:. . 1 7.. . ; . . . . . . . .  . . . . . .  i ! ,: ; . ;.- 2. !; . t.:: -%# ... +a . ?,.--.*.: .*(I, v *  **.j.:.:hf.; . . , 

. ' - * * a * *  * * * , * * *  **** I .  (4)' . . . .  . .: .,,: #..+. ... ;:;.. ....a :?@ lmrl/s . . . ;. ".:I"! . . .,. :.,a: f*.. .*: 3,; *.:a&. 4 i m d  . . . .  ; . . 9 .  ":'" . . . . . .  ..*.. a . ........ . . . .  :.: ,:I . . . . . . , . . . . u e  . . . , , , ,, ..* ;.:. 9 I? I. . '*t . . . . . .  . . * : 3 q f * : . . '  MP .f a . * d b ; - . m a i ~ : . a . *  0) . . . . .  . . . .  . , . . ............ .t,i;,.. , -  . ..i. ..,.-:I> ;. -.: • ) ...: . . 
mat  porilon of tho show usoclatd wlth the modlmeat wrtlcle of dm D I8 
temed Toe md T, I8 tho crltlcal ahear lor sediment 'mvemen~ ib. coef. 
flcicibt b and tho exponent a depend on the mod0 of udlment m o v h n t  a d  
a n  finctio~ls of the rat10 OC ~hoar-veIocIty 10 tali-vcloclty. Only the exwne* 
a Is of Importance I the final aolutlon and the functimd mlatloruhlp can be 
wnaaod a#; . * . 1 : ,:., 8 . . ' . ,, ..',:. 8 . I  . '* ' . . . 

. . . . . . . . .  ........ . . .  . . . . . . . . ' #  .. ')I. " . . , ' , 2. i . . . . .w* / y -...'., :,'" . .  . . . .  a . . 
*. . . . . . . .  t .  . .  . .<* * .., .. :-,: . ;. : ,. I , .. 1/4:.. ' ....:. . 

3 ' .. : .' ; , 9 . 1 . . . . ;#I {!* 

, 1 : ?:. -..a - .I .i :: 9 .s - . :  Ll *> . - . . . . . .  ... .. . * .. I* . , . . . *  . , 
1 . .  ' -  : ,-; :*f.:: . , * ,  j,,, ,;*.. >.,.' *.: .: 

. . . .  
'kor flood flow rondltlon8, tlto a8wnqUon can be hmde withoh 8rrlk1 ornr 
that T ~ @ / T ~  - 1 T ~ * / T ~ .  At  ~qulllbrlum 4 - Qa + QQ ~d El Qa * Ca QI: 
a1gel)raic mrnlpllalion then porn~lts tho depth rat10 to be epre88sd 18 a 
funcllon o l  tho contractlon pamnrctoro , 

. . 

b*ltivor L d  &aur rtrrlng iloo&.* by I. W, I u o  and \I** M. Oorland. Mnsaotimr 
ASCE, Vol. ilB, IQS.1. 

r ** Toti11 Battnlont 01 by E. i G r ~ o a ,  ~ r o a i o d ~ i ~ ~ ,  M C ~ ~ O ! :  
. :.i ." . . .  % . .  M, );a. itT1, Fcbniar)', 1958. , * ! 
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Since the ratlo of tho n mlues should not be too different from unity and the ! 

powor Is  at Ulo nrost 0.37,. thls factor cart bs safely negloctod, Arsumtng that ' ' 

the ntaterial scoured out during a floor1 is redeposited over 8 hrge  a+ea a6 ; 
that the depth of scour do - y;i - y1, tlwt foregoing equatlon tor an overbank: j 
construction reducer to . I '  . . I 

. 

8nd tor r channel contractlon to 'L . ". -..... -".. . . ."... .. .ma--.. I 

nteso rolationsltlps are  preronlod graphically In Flg. 9. i-' 
I 

The case of the long contractlon Is of lntorest not only for its own sake, 
but for the 11ght Its solutlon sheds on tlie nature of scour In rivors. The - 
tilterr-volocily In the contracted and uncontracted reaches of a particular 
stream should not bo vory different; so that for a glvon nrodo of sedlment 
movo~nent tho dcplh of scour for a channol contractlon Is, a s  a first approxl- 
mation, depcndcnl only on the geometry of the contractlon a s  described by the 
wldlh ratlo and Ute approach depth. The nssumptlons whlch give rlse to the 
rpproxlnratlon ore that the n voluo i s  the rrnnlo In tho two roaches, and that tho 
ratio r0'/rc 16 largo compared to unlty. Although reasonabio and jusllfiablo8 
those assun~ptlone raauJt ln the ncgloct of any secondary pllect of velocity 
and scdlntcnt size. i .. 

In the caso of tho ovorlmnk constrlctlon, tho ratlo of tlte total dlrchacge to 
tho chtmnol dlschargo and the depth of tho approach flow nre sufllcleltt to de- 
lcrntlne lhodepth of scour, granted tlro two assun~ptlons prevlously menuonod. 
In 1Lls casc, tlto ntodo of sodlmcnt movomcnt docs not affect tho dopth of 
scour. Tho dctailcd gcomctry of tho approach condltlons will, of courso, de- 
termlno tho flow dlstrlbutlon by delormlnlng tho voloclty and cross-soctlonal 
aroa of tho flow In tl~o clrn~tnol and on the floodl1laln. However, It matters not 
xhclltcr tlto vclocitlos are hlgh o r  low, or  whothor the now aecUons ?re largo 
or cmall; kl only wl~at dlschargo rallo results therofronr. . 

A brldgo crossing Is In affoct a long contractlon forosltortcrcd to such i n  
extreme that it has only a beglnnlng nnd an end. Tho flow at tlto croiislng can- 
not bo consldored unllorm, but tho rolullons for tho long contractlon e m  bo 
nlodllled to descrlbe tho acour at brldge piora uld nbutntcnts wlth tho uso of 
axperlmentally determlnad coafllclento. 

- 1  , 
LOCAL SCOUR AT PIERS AND ABUTMENTS 

Bxperirrte~rtal I~~~~oslig~lio~~.'-Followlng the floods of 1047 In whlch the 
Stato of lowo oxporlanced a constdoral>lo monetary loss bccauso of thedam- 
ago to or  tho failure of brldges, the Iowa lnstltuto of Hydraullc Research om- 
barked on M investtgatlon of scour around brldgo piors and ;\lwlrlicnts. For 
the prellmlnary phase of the study In which tho olfcct of the goontotry of tho 
pler o r  abutmost wna studled, a flume.10.6 It wldo and 35 It long was con- 
structed. Two supl~ly llnos m d  two tallgates parrnittcd tho wldo flume to be 
operated as two 5 ft flunroa by the addltlon of a celltor wva11. Slnco nolther a 
sand eletator nor a trap was built Into the flume, tho limo pcrtod ol the runs 
wns Hmited and only quolltrtlve rceults could be obtolncd. Tho voloclty and 
depth of Mow of the standard run, I~owever, resulted In goneral movement of 
the bed, and tho obsorvatlons whlch were mado establlshcd tho naturo of tho 
pltonomenon that was occurring. 

Albelt qualitatively, tho tntportance 05 the length-wldth n l io  of tlie plarcl, 
the angle of altrck of the stream against tho plers, and tho length ot cncroach- 
n~ont of the abutment was ostablishod In this flume, ns wcil as the unlmpor- 
.tnnce of snrall details of the geomctry of pler o r  abutment. It was also dom- 
.onstrated exporlmontally that .thoro was iur aqullibrlum o r  Iintltlng dopth of 
scour. In t%o prellmlnary work, plors and abutnrents rcprose~rtntivo of cur- 
rent Iowa designs woro studied. Tho study of geo~rretry was contlnuod7 with 
more gcnerallaed pier forma and scour arrestors. Iho offocl oI debrls was 
was also Invostlgated (dobris con be consldored as  an onlargontont 01 tho plor 
somewhat loss than the slaa of the debrls niass dellending on tho pormeablllty 
of the mass). 

For the socond phnso of tho program In wltich tho offccts of voloclty and ' 
depth of flow and of aactlmant size waro lo bo assassod, a tr*nnslmrt flume war 
constructed whlch was 6 It w\do and 35 It long and equlppcd wlth a sand olo- 
valor and trap. Most of the rune wero made wlth a rc~)roscntatlve Iowa plor 
sot at an angle of lo tho flow. The depth of scour was nrcasured by an 
electrical scour metes whlch could sonso tho povitlon of tlte sand by the dit- 
ference In co~tductlvlty betwoon tho water-sand nrlxturo and plain wator. As , 
wldo a rango of velocity, depth, and sodlmont sire was uttllzcd as  tho charac- 
lorlstlcs ol tlte flume pont~lttod. Froudo 1tu1J2ors npl~ra%chlag tho crltlcal 
and enrtd jumplny the trap linrltod the nlnxlniunt valuo of tho voloclty and the 
mlnlntum slze of tl~o sand, rosl~ocllvely. llio n~lnlrtlum valuo of voloclty and 
tho m;urlnrum slze of tho rnnd woro llniltod by tho rcquiron~ont that thero be 
gonornl movornont of the sadimont as  tcd load. Novcrthcloss, a sLxty-fold 
chnngo In tho rato of sodlnrcnt lransgort was obtalncd-probably tlao ntost $16- 
nlflcant lndlcator of the range of tho tcsts. Tho depth of scour nt tho fr01J Of 
tho plor 18 shown In Fig. 9. No systentatlc ecattor could bo dctcctcd In tho 1 

b . -. . . 
1 *Anlnvurllgallon of tho Etfoct of Drldgo-PI~rShnpo on thonalallro DopQ of Scour,. 

by D. 6. Sohnolblo, M. 8. Thurlr, Stat0 Unlvorslly 01 Iowva, Juno 1051. 
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pleasu~~?~entr-indlcat~w lhat the depth of ~ c o u r  nsunlquoly dstqmlned by 
, tire geopelry. 1 ' . 1 .  : - .  ..., .' ?. ! . . . t . n  

This trmsport flume was also utlliaed for a model study of a bridge pier 
on which fieH measuromsnts were made. The moasuyemente'ln the field wore 
obtained wit11 an adaplatlon ot the laboratory scour meter. Comparison of tho 
model and prototype data indicated that the depth of scour could be treatod as  
simply another length and.that the equilibrium depth of scour obtained in the 
tlold. . . .' . . 

Measuromenlr on a rystem of multlple cyiinderr wore also mado. The 
nlost signlflcant findings of these tests wero that the depth of scour dld not 
depend on tho degree of contraction (or proxtmity of an adjacent cylinder) 
unlll the scour holes overlappad, and that tho n~lnlmum depth of scour whon . 
Interfercnce dld occur was given by tho solutlon for the 1ong.contractlon~ . 

Foi the third phase of the study, the first flume was modltled by b i n g  
lengthened 7 It, and equipped with a sand elevator and traps. The sand was 
suppllcd to five f t  OQ one slde of the flume, rlmnlatlng the rlvar channel. 
Clear water wan suppUed to the other side of the flumo whlch slmulated the 
floodplzln, or  overbank aroa. Tho oxportmental program for the i~tvestlgation 
of Ole scour at  tho abutment Included a varlatlon ol the ratio of discharge of 
overbank and chqnnol, the depth of flow, the poeltlon and anglo ol  tho pior, and 
the presenco of vegotnl screonlng along tho bank line. A f e  w axperlmenta 
wore also conducted on the effect of spur dikes off the end of the abutment 
parallel to the h k ,  and of scrocniilg on lhr floodplatn In the approactj lo the 
abulntcnb . . . .  ; * . .  ,. . . . I .  . 
' . Dosip$ Relalionshlpa For Abtilo#~e#tls.-'I%e obsorvatlon Previously men: 
tloncd, that tho local dopth of rcour do08 not dopond on the degree of contrac; 
tlon unlll scour holor around neighboring obstructions overlap, suggosta an 
cxtonslon of tho solutlon for tho long conlractlon to the case of local scour.. 
For r normal sand, tho width.of a scour hole at right anglos to the flow 11 

.about 2.76 times the' dcpllr of scour. Rg. 4 ir a dofinition!skotch of a'long 
conlractlon, which It will (M nssumod a ~ ~ p r o x i ~ n n t o ~  tho case'of tho abutment. 
The rcour In tho long co~rlracllon b assumod to bo a fraclloa l/r of the rcaur 
at U I ~  ahtnlcnt do. Rowrltlon for this rpecial caeo Eq. 7 bodon~er ' ' 

. , .  . *..: 

Slnco tho dopth 01 rcour'ts unknown, Q, ta unknown. Therefore, tho dlschaqo 
Qw ovor an arbllrary width w Is aubslltutod wharo'~,/w Qc/2.?6 da. (rhe. 
rldlh w should k al~prwln~alcly equal lo 2.75 d, and In practlce a trial-and- . 
error procedure wlll k nocossary). Algebrala ,manlpulntIon wlll now roault 

d . .  9-/6 
( 1  3 " 0 .  + a )  . i r . ) * * ~ . ~ ~ o ~ , * *  ,:. *'a 

In wlrlch yo i s  tho nvorago depth of flow In tlra wldth w. Eq. '10, wlth a valuo 
of r of 4.1, Is gloltcd in Fig. 5, togelltor wit11 tho cxporinlc~~lal daln for runs 
rltlr 1110 approach till a~rd al~utnlcrrt nornlai to tho diroclion of flow. Varlaue 
rel-back dstancos 01 tho aln~tn~ont nnd clear clislnncos bolwoon tlro ahlmont 

' f':;...-. .:... j , : '. .. . 
" , , , . . : . .. 

YIO. G~DEPiNITIOS SKETCH OF OVERBANK COXSTRICTION . .-. ' ,+, ' 

*::. .- I . .  * .  :,k 18 ..;.br ~ i - g f b  
PIO. ~,~S~OUI~'AT AN'OVERDA~~(CONSTRICTIO?( 



I 
aid the .vigetal screon are  represented rn~ong the data. T h g  solld polnts are . I i I . . 
from the losl, and best, oerles of runs in whlch the abutn~er&s was not set back 7 j  . '  , . . 8 J 1 . . 
from tho balik llne. The high point8 are from early runs In which the veloclty I : . . -. 
of Ute approach on tho ovorbank naa so great a s  to be unrealistic. The floor ; 
In tBq overbank area was l d o r  bwered obtain a smallor veloclty of ap- ' . . . 
ptoach. ' 

For largo values of the parameter C&w&y0, It L apparent thmt the PP- 
pror;lniate solutlon descrlbee the scour remarkably well. For omall valuea 
of the parameter, the dlscrepancy la due to a crosr flow from the channol to 
the ovcrhnk In the approaclr to tho conatrlctlon. Thle crose flow could be 
observed by moans of dye streaks. Slncr the water-eurface slope In the' , .- 
channel was grcater than In the overbank area, the water surface at the head . . .  .. i '  

end of the Ilunte was higher In the channol thm In the overbank. Correctlng , . . , .  . .  . . j . :  .. -*. * I  . . V 

the overbank dlscltarge by an approwlmate calculatlon of the cross flow would 
~ h l f l  the experimental polnta over to the rnalyttc curve. ThIs has not been 
done, to amphoslre the Importance of fully dotermlnlng the overbank flow. Irr 
practice, the rate of now on- tlbo flmdplaIn wlll bo determined by conslderlng ' ' ' 
the slopo of the water surface, the depth of flow and the area of tho Now 8QC- 
tion, and estimating an n value. If the overbank flow Is @mall, cross flow in 
the area lmn~edlately upstream of tbe wnstrlcU~n can glve rlse to 8 condltlon 
simltar to that In the laboratory nume. U thl8 crose flow lo pooelble, but can- 
not be evaluated, tho uppor curve In Rgw 6 should be used. . . 

A oin~llar approxlmato aolutlon can be obtained for the care ol an en- . .' 1 5' ', 
1.1 

croachlng abutr~ont. Udng Eq. 8a for the condltlon of bed-load movement CI • . .. . 8. . '. . 4 .  . . * .  - .  (m/ w < lh), thlo rolatlonslrlp lr I ! 

1.10 ::-t 2 .  
' .. 

* 4 ' I .  

I I "0 . it, 1 .0  - . .  .. - 
.. ,b. .i..'l . 4 

4 . .  ,. .. where 1 lo the cffectlvf~ length of the rhutaunt e c h  that (dm& thehow . . 
4 

' .. obetructod by tho abutment as Q1) I * '- 

. . . Q i  gw I '  : 
. . " ' 0.9 - 7 y o  . ;I I . 0 .  45O - 90' I 35'' 1800 :" ... e * : i 0 0 .  : S '  . b e  .. . , . .' 

Eq. 11 wlth r oqual lo 11.6 le plottad In Mg. B together wlth somo oxperl- . .. 
PlO. T.-EFFECT OF ANGLE OF LXIDGNCE .*  . * 

montal points. Tlro sciuaro polate were obtalnsd durlng an Inv~stlgatlon of tho 
rollcl brlclgo problom and are for tho case o l  a vertical, blunt-onded, normal . 1 .  . . 
wall. Tho round p i n t s  aro data from tho invoatlgatlon ot  multiplo cylindarr 

:* 

In whlclr thcro was no lntarforcnco ofloct. . .. . 
Among tlra varlatlons In gconietry tcotod was the angle of lncidonce be- . . 

twcun' tho direction of the nppronch 1111 and tho dlrocllon of the flow In the . .  . "  
channcl. Tlro rcsults are  prcsccttod In Nu. 7 as n mulllplylng factor, or co- 
elliclcnt, Kg to bo appllcd to tho doplll of rcour calculatcd for tho nornlal d, :.t 
crossing (0 - 00'). Allbough only dclormlnud for tho ovorbank case, thaso . .. . . t  * . .  
coclllclcnts sltould also bo applicable Lo the cncronchlng abutment. A chock .*.. '. . I . .... .-l' ; . . ' '. .k 
on llro polnls for Lira cyllndors ylotlod In Fig. O would lndlcnto tlml tho offcc- I 

I I I *?.!.%*.., 
tive a n ~ l o  of tlio curved wall of tho cylinder lo ttlmul4lio, 1, o i  . .  . 4 2 9 .. . . . .  '1 .  3 . . ., 4 

Tl~c  cllccl of sclllltlf 1110 abulnrcnt back from U ~ O  normal bbnnkof tl~o stronm ...' :. d,/y0 l 4 S / w  4 1/21;. , : . ' i 1. ::i- 16 dllllcult to OSSCSSr In tho laboratory caporlmcnla no n~onsurablo olloct 
could t a  notcd. Tho lang contraclidn solutloir can bo furthor modlflod to con- P~G: .. i . iEYPYCT . . OP . . TI i I  R I T M + p  S I ~ F A R ~ ~ E ~ ~ C ~ T Y  T O ~ ~ L L - V I L C ~ ~ T Y  '; :'I 
oldor thal a part o l  thc ovort;ulk flow runlnlnr on Ihe lloodplaln, and that Uio 

. (. 
, .. . . . . . , .; . " '  .. ... I . 

. t  'a . + .' .*..* ..? . .. . .  ... . '  . *  
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a scoun scoun . . . 
rcoyr holo nlovos back with tho alnrlnrent. This npproxlmato 801ulion dso In- 
dlcalcs that llre offcct of set bitck'ie snrP11. Doilk tho exporln)onts and Ore ' 

analysis, howover, do not model a r e d  set Pack In certain reepocts. Becauso ' 
of the bank; the depth of flow In the vlclnlty of the abutnrent will be leas. If 
the set back Is very large, tho presence ot the rlver nearby is Immaterial. ' I  

1 

The ~nclltion IS then a syaclnl case of a tellof bridge and the scour 1s duo to . . .  
clear water. U tho bank nmterlal contains conslderablo clay o r  1s well .. 
covcrcd wltb a good, well-rooted, tlght turf tho material near tho abutment 1 

n~lghl be very rcslstant to scour* 
Fbr the case ol tho encroaching abutment, the modo of sodlmont movement 

will alfoct tho depth of scour. An approxin~ate evaluation of this effoct can . '.. . 
be obtslncd by conrparlng Eq. 8a, b and c.. Ebr tho soma values of B1/% the 
dopth of scour for tho dllferent mod08 of movement wore calculated. DaNn- 
ing KT as  the ratio of the dopth of scour under suspcrdod-load condltlons to 
depth of scour under bed-load condltlons, Hg. 8 walr prepared. Note that the . 
fa11 velocity should be thlt ot the bed material being scoured out. Tho so- ' 

caljcd wash load should bo ignored. Tho offoct of a change In tho mod0 of . . • PIO;O,-SCOUR AROUND BASIC BIUDOE PIER ' ' 
nroven~orrt should be aypllcalle also to the local scour at a pier. Experlments 
niade with a circular cyllnder and a bod materlal 0.04 m n ~  in diamelar con- . e ..; .. 
firnled tho order of ma~nltudo of the offoct. The dopth of scour-very difficult , a : '  . .  . 
to measure and extremely sansltlve to unstoadlnees of the flow-wae about . 
5a greater than for bed-load conpltions. The rntlo of shear-voloclty to fall- . .  . . ..! t 
velocity In this exporimont was about 20, and tho concentration between 5 and 
la by urelghl, that Is, 60,000 and 100,000 parts par million. The ratio be- . . . ..*. . 

: twocn the rat0 of suspended-load movgmont and tho bed-load movement war , 
about 600 to 1. .. I 

Dcsi~r  Relalionships For Picus.-All the available data on piers were ad- 
justed to scour around a reclangular plor allgnod wlth tho flow, and the deslgn . .  ' 
curvo show11 In Fig. 0 was drawn wlth consorvaUem and with due regard for Z .  

tho reliability of the various data. Also  shown in Fie. 8 In Eq. 11 with r a .:*.. c * '  
11.6 (noto that b - 2 1). The most Important aspect of tho goomotry of tho plor 
was tho anglo of attack bolwoon tho pier and tho flow, coupled wlth tho length- 
widlh ratio of tlre pior. A famlly of curvas Is  shown in Flg. 10 as a multiply- , I *  . .  8 

a * ;  , a -  r (# . ia !O.-EPFECT or ANOLE O F . A ~ K  . . Lng factor K,L to be appliod lo the deptb of scour obtainod from the baslc . . I .  ,.-. v;:f. . * .  . . . .I .. 
I 

wrvo. U tho plar I s  sot at an angle to tho flow, It Ia recommendod that no al- I .:.;. . 8 &.:'* . - a  : , -8 *.;. 1 

TABLEI . , lowanca bo mado for rhppe. If it Is certain that tho pior ie aligned with the 
i .- . .kr  : :- a:.:.: .:.::. .. . .. . 

flow and will romJn so durlng the life of the brldgo, a ohape factor can bo .. &I+ c~offiolonta liY for noro formr. - ' . .  
I .  

appllcd a6 S ~ O W I  in Tablo 1. I .. . . .  - 8  ( ~ o  b~ u.od for pkrr allyncd wlth now.) '.a: : ' " . '938. *;.;' 
All tho cxparln~o~rlal work on whlch tho doslgn curve was hisod Involved j .' .*. 

bcd-load niovon~cnt. If tlro nrodo of nmvonront is difloront, tho ratlo of sitoar- q >oao forq. - r w t  , . go, . . **i ' . J 
volo~ily to ~nll~vclocity Iaclor X7 in Fig. 8 should bo usod.' r ': I ..'. 1 . 

!*OQ: . a."ywlar , ..,. l3csidcs t l~o lod'nl scour at tho plot, It Is  possible that tho scour contorlng . . 2 .... . . . .  '. .. . . . . 1  

at tho alwlnlcnt may cxtottd Its Rroa of Influonce out to plern noar tho bnnk. -8.  

' .' "'i.m*~muhir, ',:. ' ,:. . . . O.Q~ . -.a,.. ; . l'hus, a lragtlon of tho dopth of scour at tho abutment nrny havo to be addcd to i... . * a  
6 .  

the local dcyllr ol scour. Typlcal scour holos havo beon shown whoroljy this . 
Eltlptio , ' . ,' " ' $ ,,..: . 

0,80 . ' *  1 . . d l .  !. 
etlcct can l o  csllmi~lod.~ ... . . . . - .. ,. . . .. ... . . . .o,J~.*** . f 

L .  
0 .  3: l 

In tho bullctlrrs of tho Iowa lilghway Rosoarch Board the appllcatlon to do: . ! . . 
sign i s  fully discussed, Including sclrBmat1c deelgn oxslrnplos illustrating the . . . 9: 1 0.80 . . . *. .. . . 
U S 0  of all of tho dcslgn relaUonslil~~e. On the bwls ol theso relatlonslrips the .. Lent Icular ': .' 

* I .  . - 5 8 1  0 .70 '  ' ' 
prediction of local scour at plots and abuln~onls i s  slmplo nnd stralglrlfor- i.  
ward. In qrdcr to us0 1110 rolaUo~rshl~~s, howcvor, UIO flow cOndlUon6 at the 



. SCOUR ., . 
. bridge.crosslng nrust bo known. Ae any clvll-hydraullc englneer knows, the t 

forocastl~tg of the river flow ot the fulure 1s not easy. Few gaglng sites have 
boon operated for 100 yoare, and 100 years of record are  not sufflclent to de- 
fine precisely the nmgnltude of a 100-year flood. Unfortunately, even rarer 
floods ditrlag tire anticipated Ilfe, say 50 years, of a brldgo, hnvo a probability 
of occurence wlrlch I s  large enough to be reckoned wlth. This problem, of 
course, Is sinaply the old h s l c  problent ot hydrology* 

In addition to magnitude, other characterlstlcs of the now lo be expoctod 
must be foreseen; the stago, tho direcllon of flow (whlch may vary wlth stage), 
tho dlvlslon of flo\v bclwccn channel and overbank (which will vary wlth stage 
and the slato of the floodplain). Although these detalls can never be forolold ' 
with contplcte confidence, they are essential to the predlctlon of the scour . 
whlch wlll occur. The evaluation of the flow claracterlstlcs must bo Judlclous, 
and a calculated risk must be accepted; otherwise, tho worst con@tlons must 
be assumed and overdesign wlll usually result. If sufllclent control can be 
exorclsod over the valloy upstream from the brldge crosslng, the rlsk can be 

. 

reduced to tho chance of tho.flood occurrences. Each brldge crosslng wlll 
have to be troatod Indlvldually, and In the UnaJ analysls economlc eonsldera- 
Uonr wlll dlclate the so)utlon. , 

Backrwlev al Bri&u Crosslrtgs.-Whon scour occurs at a !bridge crosslng, 
tho flow p a t  t Q r n whlch then obtains does not resemble that ot a two- 
dlmonsional constdction. Tho flow approaching the obstruction bier oreabut- 
nrent and brnbankmenl) ducks benoath the surface and passes through the con- 
strlctlon as  a spiral rollor. The romalndor of tho flow passea over thls rollor 
and through tlro constrlctlon baroly notlclng tho plors and abutments, o r  that 
lllcro is a constrlctlon. Thore i s  no corrlfactlng jot a s  In a two-dlnlonslonal 
slot; or  a s  In an opcn-channol constrlctlon wlth lnorodlblo boundartos* As a 
result, lire veloclly lncreasos only as  It naust to transport the sedlmont load 
downstream from tho brldge; the onorgy losses at  and duo lo  tho bridge 
crosdng aro nrlnlntal. Since tho flow I s  dlslurbcd, tltoro rro, of course, somo 
lossos. Fig. 11 slrows tho measured rlso In wator surfaco In tho abutrncnt 
flunre, Thls mcasurcd rlso 1s partly due to tho velocity-hoad cbmge bctwcen 
the al)proacli flow In tho chnnnol and tho flow In tho contrdctod soctlon down- 
stream from tho brldgc. l'he nvcrago depth in the downstroam sectlon can be 
obtdned from Eq. 7 and tho curvo for the velocity-head dlfforentlal has beon 
evaluated on thls b s l s *  The backwater at tho brldgo l e  lhq dlfferonco bo- 
twocn tho velocity-head dlllorc~ltlal and the measured rise ol the head of the 
flumo. The b;lcl;wale$ In a coml>arablo lnorodlblo flumo according to Llu, 
Dradlcy, and plalo8 Is also plotlod lor conlparlson. It Ir  readlly apparent 
that the lncreaso In tho flow secllon due to tho scour reduces tho backwater 
to a fractiori of 1110 amount tlrat olhorwlso would occur. 

11 1s l i b l y  that a nrajor causo ot backwater nt a bridge crossln(l on an al- 
LuvInl stream might bo tlie reslslance to flow of tho contractcd stream In tho 
reach below tlie brldgo. Dcpondlng on bank height and cover on tho flood1)laln 
tho cross flow Clam tlro stroan1 back lo tho floodplain might lako placo very 
slowly. If the rcslstnnco to flow Is greater In tho contractad reach than in tho 
norntal slrearn, backwator will rosult. Moreover, any backwator whlch does 

8 *nnckw;rtcr Eflcclr of nrlcfgo Plors pnd A'l~ulnionls,~ 11. K. Llu, J. N. firodloy, and 
E, 0. I'litlo. Clvll Eo~lnoorlng Suctlon ProJocI llopo~t CER. 67IIKL2, Colorado A. and 
&I. Cullcgc, For( Colllns, Color;ldo, 1057. . . 

SCOUR 

I ( occur Ln u, alluvlal rlver tend8 lo muse aggradatlon upstream, md a con- . 
I comltant lengthening o l  the backwrter curve. . 

! 
I * . . SUGGESTIONS FOR FURTliER STUDIES 

Field Afeastrreatet~ls.-In order to apply with conllde~~co the relationshlps 
proposed for predicting the scour at brldgo piers and nbutri~cnts, field nreas- 

. I  
urements are  needed to verify the conformity of model aod prototype. Some 
ot those measurements should be made at  sltcs of extremely slmglo gcomotry 
like that of the Skunk Rlver pler near Amos, Iowa. Sucll sltes can bo easlly 
modeled In the laboratory, and no questlons should arlso a s  to extraneous of- 
fects. Other moasuremento should be nndo at  sites of complex goornotry 

. whlch perhaps cannot be modeled in Ulel laboratory. The scour can be pro- 

Backwater In alp 
iiu rodlblo channel 

I 
i 

I 

PIO. 11.-BACK\\'ATPR IN AN ALLUVIAL CIIANNEL 

dicted wlth tho ald of tho relatlonshlps prosoatod, and nny dlscropancfoa may 
lndlcnte factors that should rocolvo furthor study. 

The exyorience of tho past can bo usod to substltuto for flold moasuro- . 
rnents. By hlndcastl~~g, tho scour whlch occurrod around plors and nbutrnents 
at sofoctod crosslng durlng ntajor floods cnn bo ovaluatcd. If brldgcs that 
fallcd and that did not tall durlng tlto samo flood aro clieckccl, a corrahtlon 

. should bo possible arnong htndcaetod dcplh of scour, pernalsslble dopth of 
scour (based on foyndntlon doslgn), and hiluro o r  non-frrlluro. 

L&ornlory Inucsligalio~~s.-e ono kenoral aspoct ol scour at brldgo 
Crosdngs whlch has not boon dlscussod t s  tho scour st rcllcf bridges. i?ollel 
brldgoe arct ol~enlngs placcd in tho i~l~hway on~banktucnt na It crosscr the 

. flooclj>ldn of tho valloy. For doslgn purposes tho flow tlrrouylr llrc rcliof brldgo .. 
nlust bo' consldorcd to conslst of cloar !vator. If !hero Is a.scdlnrcnt load I t  
wlll tcnd to to much flnar In sl to than tho rnatcrlal wlilch wlll bo scourcd out. 
The dopth of scour duo to clcar wrrlor Is iltost assur.cclly a lunctlon of tho 



9 . . I 
ro~oc~ll 08 llow ~d tha'~o(lnent ~1.e u well 8s the g m m e t r ~  of the opanlng I : as  Table 8-1 in the referonce and wore plolW ln Its ~ l g .  8-1 10 8 1 , ~ ~  (he ra. :; . 

. ~ n ~ l r o l ~ s .  The limttln condition for this 1 0 of ScoPr 18 a boundary ! 2 latlon of scpur depth (nleasured from water surfaco to bottom of scour) to th.' ,. ; . shear (hat 1. equal to the cr  tlcal for the materl of which the bwndar~ I U ~ e y  regime depth for tho river at the flood dlscharp; (ha tino lit M ~ .  (-1 , , anylosod. since t h e n  1s no suppi). of sodlment ~0min6 inlo the .tour hole, was an excellent Md Indlcntad that, all olhar lhlilgs betnu equal, scour depth 
at tho linlt (here can be no sedl n~ent golng out of the @four holo* Thla lidt * 

variecras tho CUM root of discharge emctly as tho rcglnlo theoryhscd oncon- 
I ;( 1. finite, but fi reached asympiot1rnl)y 11 hf1nltfJ t l m ~  .Is, very In - ! canals shows; lh0 n l l 0  10 regime dcplh avcragcd almost cnc[ly 1.0. 

,/ Ute l a ~ r a ~ o r y  10 scale a11 factors controlling clear water scour and a c?*~I- The writer has r e ~ l o l t ~ d l l  the inglls data along with m&cl of Inelis, ot 
wtlon of experiment and analysls Is IndJcatede . I the present author (some Limo ago), a~ldol workers at the Unlrersity of ~ 1 b ~ ~ t ~ .  : , m r .  an ahtmont which 18 set b c k  from the normfl bmk )@u thm (I;' . 

! 
The cwrdlnotes were chosen tcrm8 of estinrnted dischrgo il1tcnsily for the 

depth 01 scour, tho nlnUonshlps proposed h?leln should be a~pUcable* An rake Of u.Uormlt~ and lutur0 applic~llons; ~llowlng for the dlsc]mrgr jntongi- j' abutmat b c k  over three Urn06 the dopth of Scour Should be considend a . the r h e r s h l n g  aVera6Os Over tho whole rlvor whoreas for nlodcls they , 
brldpoe mllowlng a succeuful inv?stl~Uon of the reI1.f b r l a e  pmb- are  diecharge lnt@ilsltias of nttrck, tho rlver nnd mocicl &%to war0 la ac- i 

lent, jl would 8-lo (n order to 6tudy the 0ff0Ct of b a c b  between pese . cord with each other and with the roglme lhaory prodictlon of mriatloll as  tho I 
Ilmlt~. . two thirds Wwtr of dlschnrge tnton~ily-?llothcr hctors being equal, what to ' : 

of cmrse, go on studying the effect of WU~OWJ 6wmetrlei or do when other factor8 vary has h e n  o*pbined.ll 
piers, &tmn(s and overall crossing. However, Iho I ~ ~ u I U  01 thI8 1nveat1ga- Lnglir has de8cr1bed,l0 also; experiment8 on model bridge pier*, sfmflar I  on jnacate that the effects of them details -0 nllnor, and or 1- importmce . . , to the recent Iowa ones, has plotted the rosults, and has given a formula to j 
t b  ermr that. bo expected In the evduaUon of tho flow condltldnn Bt the g r ~ h *  The Writer h?S rmbc6d lhlr lormula to a rather rlapler t o r s  . . . . . . . . . . . .  tho .tte0 Nl(her stuc~cs of geometry should pr&.bl~ deferred unul field. . . 

I moasuremont# Indlcale they aro of wfflcient I m ~ o H m w *  . . . . I t . 8 -  . . .. ; -. 1 I 

The writor wlrlle6 lo acknowledge the contrlbutlonr of the many other8 : who wero assoelaled wl$ blm In thle Invostlgatlon of scour'at bridge cma8- 
Inge. On tho one hand t h e n  was tho contlnued support and ~nmuragenrent of 
Dr. l in te r  nouse, Direclor, m a  Institute of Hydraulic Renoarch; Mr. Mark 
Yorrls, Dlrcctor of Hlghway Resoarch,Ioul State llighway Commis8lon; and 
Mr. Carl 1 2 . ~ 4  Chlef, Hydnulle Re~onrch Branch, Bureau of Publla Rasdq 
and on llre olhor, the efd of the. many rosoareh assistants who laborod so  long 
md so woll, and ~cspcclally Mr. Arthur Toch, Rosearch Engineer, LL&R 
who, a s  a collsque for pm, eontrlbuted In mnny ways, and Dr. Phillip Oe 

- 
nubbard, Ilosoarch Englaoor, I.I.H.R, who waa r e p ~ s l b l o  for the develop- 

. mont of the scour meter. . . . . . . . . . .  . .. . . .  :; .:. 

whero d, is  scour depth from.wnter surface, dr Is rcglmo depth 'ol the rlver, 
and b Is the breadthof the plor projoctcd at rlght angles to tho dirocllon of at- 
lacking flow. 

a is  interesting to noto that tho moan depth of flow betwoon 61crs (as dls- 
tinct from the local scour round tholn)ls skown by  copo old la lolollow the ro- 
glme law ot varlatlon a s  the two thirds powor of discharge lntonsity in the bridge 
over tho Powder RIver at Arvnda, Wyomlng. 

The wrilor fools that Eqs. 7 and 8 should not have k e n  darlvcd from icon- 
slderatlons of total load slnco It 18 bod load that 1s rnalnly'eMactlvo In detcr- 
mlnlng depth and that time formula Is rough; furll~ormore, ho notes that y seems 
to be unrelntod to rcgtmo depth so Is open to objecttonas a st~mdard lor com- 
parison. Conslderlng the ovldonce of reglma thcory, plus the Inglls and Leo- 
pold obsorvationo on rherr ,  tho wrttor would roplaco Eqs. 7 and 8 by thelr 
rqulvalenlr lrom . *#, . . . .  . f 

and then apply goonrotrla coofflclcnts to vrrlous obstacles to obtaln seour;lt q 
I6 dlschugo lntonslty and Fb 1s tho approprloto bed factor. : . .  

T. DLENC)I,@ P. MCR.-TJo wrlladr~wrallonllon lo tho'colleclton ot data 
of scour arou~rd brlclgo plors and olhor ohtactor mado by C4 C. lnglls, from 
la24 to 1042.10 Tlro dala of scvore scour around plqrs numbrod 17 and woro 
lor floods front 30,000 cls lo 2,000,000 cfs. Thoy appoarod, wllh doscriptlono, 

9 I'r-ul, ol Clv. Eyry. arwi Cons. E~yr. . . 
bTl~c llrhaviour end Control of Illvcrr and CnnnIraD (wltlr tho old of nlodsls), by Slr 

C. C. lt~glls, Gort, of Bulla, Ccnlral \tratar Powor lrrlpllon . . . . . .  nrcl Navlgntlons lluacn~*oh 

. . .  -,.. 
' 

JOSEPIf N. DRADLEY,IS M. A!EE.-Tlio ri~odal rusulls on ocour nt br4@ 
abutnro~~ts and plore Iiovo bocn trealcd In a loglcal and comn~ondablo nmannor. 
Tho consistency with which tho modol roaults plot could bo nmlalcadl~lg how- 

)' *noglmo nehavlour of Canals nnrl Rlvurr,* by T. Dlonch, f lul tur~~rtl~s Gctunttdo 
Publlcatlonr, London and Toronto, 1057. 

1% *Tho H~dvrullo Gcomalry of Sloaln Cbnn~~olr a d  Somo Phl.elogrnpbb lmpllc& 
U.8.O.S.. Prof, Pnpcr swn, 1053, Y l g  4.A, . * .  . I I. 

13 Ilydr, Engr.. Intornall. Engrg, Co.. fno., Dacca, Earl Puklslan. 





TISON ON SCOUR . TISON ON bCOUlt . 
ove ilro lowc'flm bod of the rtreanr. It Ir posrlble to Imaglne clrcumrtmcor 
whlch the length of the bridge nrlght be out In half, tho waterway area re: 

~inlng tbe same. Tlrls has obvlwr econonrlcr elgnlflcance. t .  

Tne natural filllng of the acour hole during the recession of the flood teed;' 
mlnlnrlze the depth of me pool of water that mlght be left etandlng under- 

B brldge during low flow. As Ule beds of such strearno are commonly made 
of alternating pools and bars anyway, the addltlon of anothor emall pool 

neath the brldge I8 of little consequence. Flg. 12 fhowa the type of deslgn 

- L, J. TIS ON.~O- -T~~  relatlo~\shlpproposed by ~r.ts 'ursonfor the prodlctlon 
scour at plers and abutments for the case In whlch rpdlment I8 rupplledto 

e scour hole, In extramoly Interesting. 
The author presents an analyels in whlch he comparer the flow wlthout 

~ntrrctlon r@ the flow due to a long contrrctlon. *@then uses, for both 
IWS, an approximate form .of. the total sedlment load relationship recently 
#oposed by hlmrelf and consideren a bridge crossfng aa a long contraction, 
reshortened In such an extrenle that It has only a beginning and an end. 
The wrlter has found that a scouc at piers and abutments also took place 

ten the contraction of the flow was without etgnlflcance and Introduced the 
ea that the scour at plers may be affectod by the curvature of the stream- 
rer around the plerr. 
When a pSer wlth an arbitrary shape I8 placed in a ~ t r e a m ~ l t  producer 

'lg, IS) a flrst curvaturo with a contor 01 and a radius pl,lollowod by a 
cond curvature 02 pa, In the nelghborhood of the bank of the rlver, the pler 
erts no action on the directlon of the streamliner, cd. But, condderlng the 
glon of the first curvature In tJ,e neighborhood of the ourface, a lane ruch 
3, tangent 11  oach polnt to the prlnclpal normala of the streamlines, 1110 
llowlng relatlonshlp may be wrltten: 

- .  

whlch t is the vertical helghl, p is  the prossure, v 18 the veloclty a d  Y 18 
c spcclflc wolght of the llquld. The flrst nupporltlon waa that the motlon Ir  

. . . .  rallrl to the boltom. 
In tho nelghborhood of the bottom, another relatlonshlp of the ram0 natuh 

and 8' aro on a sanro llno perpcndicular on the bottom. 
Tho variation of the prasnure between R andq8 follow8 the hydrosatlc law, 

. . . . . .  33 Pruf., Une. of Ghant, Ghont, Uolgium. . .. ... ,.. . . .  ., - .  ,A 

. . ::.. ~ o t h a t t ' . . ~  :. . ' J  . . .  : . . . . . .  ' I .  . . 

I .  

From t h e e  three relatknshlpr i 

wlth v greater than v' (v' Is  the've1oclty la the nelghbrt,ood 01 the boltoni). ) 
A consequence of Eq, 18 Ir that the motlon cannot bo parallel to the 

. s bottom, 'the traJectorles must dive. \ 
Thta dlvlng motlon wlll have another consoquence : a local attack of the ' 

+ bottom under the Influence of the flrst curvature O y  pi. Evldcntly, the lm- i 
portance of scour wlll depend on the value of the vortlcal component of the , 
dlvlng motlon, and this vortlcal component will depend on the valuo of the . 
second member of Eq. 19. I 

! 
For example, small values ot P wlll Increase the deptll of scour. ~xpoi i -  , 

mente with different models of plors, with the same length and breadth and : . 
with the same dlschargos and holghts, gave a confirmation of tlrls result, ' 

nectangulo~ piere (rcduced values of P )  produced a scour of 113 mm wlth i a discharge of 301 per sec In a flume wlth a breadth of 70 cnr and a height of 
10.6 em, The longth of the pier was 24 can and Its breadth was 6 cm. 

Tho slmplo roundlng of tho oclges of thoplors reducod tho scour to 01 mm, : 
whoreas a triangular shape reduced It 70 mm. 

An aemdynanlic shape gave no further reduction, but the shape of a tear 1 . produced a rcduced scour of 84 nrm, (large V V I ~ ~ I C S  Of p).  
Tho protectlon reallzcd by a slngle plle before the lens-shaped pler re- 

ducod the scour to 38 nrm. Thls plle produccd blser mluos of p and tnvrrkod 
aa a reductlon of the wldth-longth ratlo. 1 

A change In the repnitition of the veloctty wlll havo an lnfltlonce on the : 

socond tnornbor of Eq. 10 and,thoralore,o~a tho value of tho scour. A higher 
roughness of tho bottonr on a dlstance before the plor (1~1th pgbbles on the 
bottonr) I8 realized. tn Eq. 10, v8 ww reduced whcroas v was increased, 
wlth the concludon that the eroslon had to be increased. That Is wlrot was , 

found wlth an oroslon of 71 mm wlth tlre lens-shaped pier (54 nrru wlth the 
Nno sad) .  

Tho considoration of Eq, 10 nhows that It would be possiblo to consider- 
ably- reduce the oroslon by adaptlng tho varlatlos of Ilre radlus p wlth that 
of V? 

- Therefore, lh.e reprrtltlon of the valoctty front the botton~ to tho surface 
was measured and the Ions-shaped plor was given a variable rndil of cur- 
vature correspol~dlng with 1110 values of v2. The resrilt was r non-prlsn~allc 
pier wlfh a Iaraer baso, The erosion around this ncw nlodol was reduccd to 
5 nrm maximum.. ..t! 

. . . . . . .  .. 
It Is oasy to ece tlrat tho socond curvnturo 02 P2 will ulvo o rohtlon . 

(Eq. 10) wlth r nagatlvo socond nrcnrbor. A rlslny slotlon wlll, thdrufore, 



The writer agrees with tho author that alflw caused by a brldgo deyelrde so . 
much on.tlro orodlbillty of tho bcd n~aterlal. Thus In tho caao of tho rallway 

' 

br lao  on the Nvor O D I I ~ ~ ~ S  at Mokameh, the nlflux causod by the brldge was 
only a couple of inches for a flood of 18,000,000 cu sec. Thle was because tho 
flood was sustalnod and tho.rlvor 8coured Itr bed as  the dlscharge Increased. 
In tho case of rivoro wllh flash floods o r  wlth lnorodlble'bed, lull afflw .. . . has to . 

. . . I  . . be allowed for In the deslgn according to standard formulas. 
.As omphaslzcd by the authol; more lleld experlmentr are necessary to lm- , , 

1 In the t ~ t a n c e e  that the wrltor has ln rrrl~ul, tho waterway area prov 
beneath tho slow-flow bed of tlto stroam war a b u t  20% of the total witorwa I .  

j . ! v . .  . . . 
f 
! area at the otage of lnclple~rt overtopplng. Ttre depth 01 the waterway area 

1 
': .-I. . : .  . I 
, ... . . . .. f 

1 .  f'. . . . . . 
.. . 9 .  ( pmve our n~ethod of estlmatlng scour at brldgo plers. # ' ; 

I - . .  . .. *.. . .. . . .. . . '.:ir:* ' 

1 W. 3. BAUEII,=@ M. ASCE.-The wrlter was In attendance at the Vnlverdty' ' 
I of lowp, when the research described by Mr. .burren was gettbrg under way, 

and k, llrerefore, aware of Its pioneerlng nature. The purpose of thls dlscus- 
sion Is to co~~slder the appltcatlo~~ ol the results presentad by the author to 
a particular approach to waterway deslgn. . , . 0 .  ..* 

The fundamental purpose. of a bridge over a rtreani la to aeparate the 
buman trafflc and the flowlng water. It la commonly accepted that provlston . .. 
for the passage of the n~axfmum conceivable dlscharge through the r a t e h a y  
beneath the roadway is econon~lcally undesirable, It 18 good practice to pro- 
vldo for tho safe, rllhough Infrequent, overtopping of the roadway by a rare 
flood. U the doslgn is adequate, after the passage of such a flood, the high- 
way Is lmnrodhtely ready for eervlce wltb only mlnor repatrs belng requlred 
durlng subsequent routine malntenance. 

In order to achlevo thls oblectlve, the backwater produced by the rtruc- 
, lure must be small at the stago of lnciplent ovortopplng. The wrlter has used 

values of 0.5 It to 1.0 ft a s  being reasonably rmall for the backwater at this 
stage. The design problem then becomes how to provide for the passage of 
the flood corresponding to the stage of lnclplent wertopplng without exceed- 
lng an allowable backwater. . . ..# . 

Sonle of the flow area requlred wlll exist beneath the elevation of the low- 
flow bed of the straalla in accordance wlth tho reasoning sat forth by Mr. 
Laursen undor tho heading "Local Scour at Pier8 and Abutments: Backwater . 
at Dridge Crossings." The extent to wl11ch ouch aroa i s  available to tho flow 
during flood may be cotltrolled by suitable scour protectlon. 

At brldge sltes in West Virglnla, at whlch scour protectlon of broken rock 
is readily available, tho wrlter has usod a doslgn velocity beneath the brldge 
of between two and three tlmos the typlcal velocrlty In the etream durlng 
flood, Thls was accon~pllslred wlthout exceedlng the allowable backwater at 
the stago of lnclplent overtopplng. Such a relatiotrsl~ip, between tho velocity 
In tire cotrtractcd eectloc~ and that In the approach flow, ghes  sufficient ae- 
surance that the material dcpositcd over the broken rock ill1 during low flow 
wlll bo fcourcd out durl~tg flood, provlded tlre depth of scour requbed is not . 
excessive. Flg. 6 tndlcates the relatlonshlp botween depth of scour at an en- 
croachlng abutment and a parameter dependent on tire degree of contractlon 
of tlrc natural waterway by the structure, Fig. 6 lndlcates tho attalnfng of 
deptl~s of scour equal to the depth of flow at rolalively mlnor amounts of 
contractlon. It is, thorefore, not difficult to lmaglne circumstances In whtch 
It would bo posslble to provlde as  much watorway area beneath the low-llow 

. ' . *  . : .  

f '  Secfibn A-A 

bcd of tho stream as a b v o  it. - s . ' .  
beneath the low-flow bed was only about 40% of tho noatlnnl dopth of flow at 

2@ Conc. Engr., Chlcngo, UI, . . . .. .. . 
. 1  the stage 01 lncipiont ovartopplr~g. Novorlheloss, slgnificnnt coat savlngs 

were achlovod con~parod to a longor brldgo with equal wrtorway aroa entlrety 



. . 
ro'rlvor Lo-rtlll un ontrollable In splto of varlous trolnlng rireasures. 
i%porlnlwlol~ lC were carrledoul at tlro Contral Water and Power Re!e,arch 

atlon, POOI~, India, In 1938 and 183Q for finding scour round a angle p l ~  
aced in tho renter of aparallel sided flume, embeddedin rand of mean dlafb- . 
e r  0.20 rum.  he f o l l o w i ~  relation was worked out: 'a . ,. .. . . 

.. . -,. . . s I \  t . .?*,#. . 1 * 

r which b is  the wi&h of the pier, qc Is the dlscharge p6r loot in the center + 1 u flume upstream ef the plor, and dB is  the rnulmur. dopUl of scour at the . 
lor below water levof A s  It was difficult to correlate thls wlth the dopth of 
sour at prototypo plera, due to p (1ntensity.of dlscharge per fmt) dependlng 
pon tho curvaturo of the r h e r  upstream - which mrios from rlver to rlver, 
t war consldcred deslraMe to study cases of actual ucour In prototypes and 
uork out a general, empirical relatio~uhlp. Bosides, lt har to be remembered 
bat Uu angle of repole of bed.materla1 In the model and the p m t o t w  I8 the. 
ume, henco, the d e n t  of scour in plan in the'rortically distorted mo@ol L. 
'ound always rclntlvely groater than In the prototypo. This in effect .reduces 
he dlrckrge intensity at thepicr due to greater dispersion of flow and hence 
,be depths of scour obtalned In the model rould.bo rolatlyely less. ~ a t d e  
wero, therefore, collected lor scour round brld e piers of varlour bridges con- 
~tmcted in Indlci and a &oit?r* rplationshlp~,f),~~ . waa . wo:ked . out . a s  . fo~ lows :~~ .  I,: 

- 

In whlchQls the maximum flood disclrarge L cu F8 ; d 8 Is tho'maxlmum dopth 
of scour bolow highest flood level; f is 1.76 m, and m 1s the mean grado of 
bedmaterldin nrilllmctors. In Eq, 16, a representatlve f value has to bo uaod. 
Fmm bore data, values of I lor oach rtrata I r  to be worked out to ascortaln 
that the antlcipated dopth I8 not based on tho f value wl~lch is hlghor than that 
appropriate at that deplh. Rocent advancos lnloundatlon onglneorlnp havo made 
it posslbleto tako the plerfoundatlon aufflcicntly blow the n ~ u l m u n  pmbrblo 
dppthof scour toprovldo a d q u ~ t o  grlp length. WI~oro this ca~~not  bo done. higl! 
1cvcL st0110 protcctlon, though costly in the long mn, h u  to bo employed. An-' 
other advantogo of dcap foundation Ir that, bocause d increased sldo frlctlon 
on tho pier sldos embedded In rnnd, tho load boarin8 capacity of tho pler In- 
creases co~rsldcrrably as comparod to tlmt of a pier wllh shallow foundation. 
Generally this addltlonal load kar lng capaclty lo not taken Into conoldoration 
In tho deslgn bul Is kopt a s  a nlargln of salcty. The provlour rdlway pracllce 
was to work out tho dopIh ot bridge foundatlonrl aacordhg to the obServat1onr 

! -  F '  ' 
,';a. .:: 
* -  :.: ,.I' . 

16 Tochnlaal Annual Rc~rt,Cunlrd \\*ator and powor Rorp~rah Sbtlon, &M, In- - - 
dlr 1038-39. 

mlbahrvlour a~rd control ul rlvora and aannls wllh tho rld of modcts - part 1I,*n~- 
ecarch I~uUlcalloa Xo. 13, Clrrptor VIII, Ccutral \\'otur.Bnd Powor nosoarah Sta,, lDoono, 
Inclln. 

20 Tcelrnlonl Annul Ilclmrl, Cantrat \Vaur nlld Powor nosoaroh Itntlon, Poona, Ind!r, 
'l *Slablo Cliannolr tn Alluvluni: by 0. Laoay, #oulllat 0t ti10 ~nalilatlon of Civil 

glncor#, Pupor No. 4730, 1026. . . 

j rondo by ~ p r l n ~ ~ 2  and ~ a l c s . ~ ~  In the case oI shallow but~clatlon. protrctlon 
; has to be irovidcd by stone pltclting and U tlrls Is at 111~11 l&ol, a lot of tho 
! ato~re (stone uacd generally welghs 80 to 120 lb and Is callcd one nrm stone) 
' Is wasltcd awny downstream duo to turlwlenco and bas to be rcplcnlshcd, even 

during floods, to ensuro the a J c t y  of the brldge. 'Due to this turbulence ver 
decpscour occuradowrwtreamof tho piore fis In the caso of fiardlnge Brldga 2 i  
on the rlver Ganges, dcpth of scour being of the order of 200 It. 

The curront railway pradlce 18 to provide a grip length for tho pler equal 
! 

to haU the depth of scoured bad b~10~ll.IieF'~L 60 that the total length ot piers 
below H.H.F.L. la SD( Ucey). 

~xperimentsaSr28 wore carrtedout at the Central Water and Power Research 
Wntion, Poona, Indla, far toqtlng the design of talning %arks, watortmy,. and 
length of piers of arailway brldgoat Mokamoh on tho river Ganges near Patno 
(I3111ar Stato). The pier foundatton of this brldge has been takcn to a dcpth ot 
about 200 ft below H.H.F.L. wl~lch Is equal to f ~ ( U c e y ) .  A s  tho foundatlon, 
are deep enough, protectbn by way of stone pltchlng round plorr Is not pro- 

4 vided. .I. . .  . 
~ n r i o u s  cases of bridges, for Ghlcll rivers had to bo trrlnod to onsure tho 

safety of piers, have been exporlmented on. Thcso exporlments aro described 
In the Technical Annual Reporteof the Contra1 Water and Power Resoarch 8a- 
tlon, Poona, Indla, for the year 1987-38,1038-39, 1039-40, 1940-41, 1944 to 47, 
1940 and 1952 to 1958. . . .. . . . . 

hi thecase of flash flood type rlvbrs, fblng the wato~wayis mudh moro dlf- 
#cult, In such cases the flood rlsos and falls so rapidly tlmt the rlver Lr  m 
tlmo to scour its bod wlth tho result that the nfflux (dlflerenco in water our- 
face upstream and downrrtroam of brldgo) lncroases enormously; tho brldge is 
llkaly to fall by outflanklng, A rallway bridgo on &ni Rtvor in RtJastlian state27 
failed in thle manner. . 

In tho CRUO of inerodible bed malorlal, It Is dilllcult to ostlmato the m,ui- 
munr dcpth of scour. IIydrnullc mod01 oxperlmcnts aro uaablo to rsprod\ice 
thls scour due to obvlous limitntlons, Recourso Bas, tkcrcfore, to bo taken to 
dold data. In some cnaea, the mruclinum flood level i s  uadercstlmatcd and the 
watorway provldod Is insufflcfont, If tkobcd ie Inorodible alllux lncrorsos bo- 
yord the safe limit, wllh tho roault that standing wave condltlons yrcvnll dos\*n- 
stream ot tho bridge, wltlch fond to undorn~inlng of brldgo plers, Tho rrllway 
brldgo on Yosltwantpur ~ l v o r 2 8  ln Ancllrra Pmdosh lallod nnd collapsed lor 
slm1lar roasons. . . ...i 

4 

22 .Iilvor Tralnlny and Control of tho Guldo D M ~  Syrlom,* by P. J. E, Sprlrg, Roll- 
way nonrdDr Tochnlcd Publlontlon No, 153, 

23 .Prlnalplor of nlvorT&*alnlng tor nallwnynrldger r~lholr.kpp1luollonto QoCa~o 
of tho llardlngo nrldgo ovur tho towor Gnngcs nt Sar~,. by R, Galas, Journal or tlro 10: 
&eg!~~  of CIvR Plnnln~m, Dcaomhor, 1038, Pnpoc 80, 810'1, 

24 1;voalgatlona curled out by nwwia of ntmlolti nt tho lihadnhwnala JI~tlrdr(tnn~lc8 
Roaonrch Statlon, noar Poona t18 connucllus wllh tho protccllon of tho Ilarclla~o Urldge 
wlrlul~ opnna tho rivor Gangor nonr Pnksoy, by C. C, lngllr and D, V, Joglcknt, Ens1 Ron; 
gal Ilallwny, Publlo Works Dopprl~ncnt, Ilol81boy, Inclln, 1030, Tecl~nlc~l Papor KO. SS. 

26 Tochnlaoi Annun1 ftopurc, Central \\'&tor and Powr llosoarch Sla,, Ibona, Inclta, 
. 1060, . 

20.*kfniwnl on ~ l i o r  bli&lour, conlrol, and training,* Ch. Vf, Pub. 80.60, Conlrd 
Dotii.d of Irrtgallon ru*l lkwer, . .. 

27 T~hnlcnl Annual Rcpobl, Conlrnt \Spalor md Payor Resaorch Slnllon, Pwna, tndlq 
1064 

2d T O O ~ I I I ~ O ~  Annul lopon. Contr.) \Yntiw uul Powor nusoarch lilUlon, Pama, hdl$  
1966, 



llow the first dlvlng motlon. Thia was observed on all the modela. For the ' : 
~ctangular pier, tho small radii of curvature around the upstream edges . ; 
oduced a quasi-vertical rising motlon. . .* 5 .. . . . : I 

. . 

PIG. 13. . . 
. . 

~ehjnd the plcr, with 1110 lcns-shwcd section, tho curvaluros of the type 
2 was followcd by aaolhor curvature of typo I, and the for~natlon 01 a r e p  
andary snrallcr fcour was to bo obsorvcd just behind tho pier. 

Many other results c&ld bo dcduccd tronr tlrrcc lirat consldcratlons and 
' 

also from tho cot~sidcratlon of 1110 splral niollon Inducod by the dlvlng ~ ~ ~ o t l o n  . 

CiIITALE ON SCOUR . I .  _ I  

devlatcd by. the reaction of the bottom. Ft~rLer  results can be found In some 
of the writers publlcatlons. 

The same theory can be used for the study d the actlon of groyne* Pnd U I 
the motion ot oedlments in derivations. I 

. . I  I :  
I 
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"At least ns a first approxlmatlon tho cqulllbrium scour deplh, with I 
certaln qualiflcatlons as  to tho flow conditions, appears to bo a function ! 

onlyol goornotry, 1.e. tho rolativo depth 01 flow, tho sl~apo ot tho plor and 
the angloof attack, . . volocityof tlow and scdln~ont slze (and, thcrcforo, 
rato of trnnsjlort and latcnsity of boundary slicar) do not .I~Jluonco the 
equillbriuna dopth of scour. . . .' 
Some invcsll~ntlons In n~odclvlravo bccn madoon tho sublcet of scour dopth 

at bridgo pioro .In Indh at  tho Contrnl \Valor and Powor Rescarcla S tn l l~n  Poona 
which tho writer llwglrt would bo of Intorestin context with tho c\utiiorDs flnd- 
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Tho first sericvof expcrln~onts wcro co~icluctect In co~~~rcclion rillr tlru Ilard- 
inge Drldgo over Ganga RIvor and wore rclmrrcd la tho Annunl Rejwrts of tho 
Stationfor thcycars 1038 to 1042. A gcomclrically sln~llarrcplica ot Ilardlnflo 
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31 Chf. Research Offlcur, Floocl Control Dlv., Co~~ird \\'ator and Puwor ltaooorcb 

Sla on, Paona, Indlo, 
$&scour nnound nrlllgo Pkre and AOutn~ons.~ by 9. U. Laurs~?n yul A. Toch, 10- 

iilgk,way I\eroarch b a r d  Dullcrtls So, 4, Xlry, 1856, 
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CHITALE ON SCOUH 1 .  . . .. . ... . .. . i. . .. . j: . !;: . Drldgo pler war on~beddcd in Onnga sand of men# dlnnrctor of 0.20 nbm In o 
. 0.6 . . . ...4,. I, . . .  ... I , parallel sided chnnnol. Tho rosults of tlrcso cxparinronts . . g w o  the rolalioa ' . . 

i n - s u c h  & maXlmum depth of scour bolow H.P.L.; d = depth oC flow In the. 
flume; b wldthof pler; ond qa = dlrchargo per foot run upstroamof the piera. 

*- - . . .. ! 
' TABLE 2.-RESULTS OF EXPERlblENT 

' 

I * I 1 

-- 

Pier rxperlmontat In UI. I R ahan1101 with rand of m = 0.32 rnm , I I 
! 

8cda ot pion 1/61 ' b r wldth 01 plor * 0.57 fk a 37 R ' " . 1 
1 9 length of pler - 0.925 R a 63 ' f 

mlth eonatant dischrrga q - 1 elr por ft .. . .. 4 $ 

dr n ~ s l n ~ u m  dcpth ol rcour mud tho plor 
d i flow doplh lo rho nume i 

Thts relntlon i s  not dtmonsloncllly correct and cannot thorckrobo adopted toe 

. E*r- 
IrLmnt .* 
* 

I .  

1 : '  
, 1 " . . 

. .. 
. 

2 

. . 
- 1  

i 
a 

. . ... . 
- 4  

gerieral appllcallon. 
Basic oxperlnle~~ts ware mbsquently conduclud In 1041 wlth tha object of 

I e s t I ~  tho Inlluoneoof upstroamdepth a d s a n d  dlamctcr onscour round1)iors. 
The p l r r  t u t c d  In those cxperlments u r s  also 1/65 scale model 01 that of the 
HardL,go Drldgo. It was rectangular in scction, of 1cnGh 1 ft. width 0.6 lt and 

"1 
la R per 

rea. 
r 

0.69 
0.80 
0.67 
0 
1.18 
1.67 
0.69 
0.80 . 
0.95 
.lelI- 
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1.73 
0.88 ' 
1.03 
1.14 
1.43 
1.93 
0.80 
0.85 
-1.18 
1.54 
1.89 

*. . . .  d .  
ds . l* *'- ' i n  R .  

- . v  

' 5 

0.1005 
0.1261 
0.1428 
0.1789 
0,2254 
0.3799 

0.1005 
0.1261 
0.1~31 
0.2254 
0.3360 
0,4002 
0.1400 
0.1841 
0.2140 
0.3012 
0,4762 
0.1261 
0.1631 
0.2254 
0.3366 
0.4596 

. .. 
*' . . *; 

. S 

1.60 ' 
2-63 

'1.61 
' 1.65 . 

1.40 
1.30 

1.35' 
1.15 
1.60 

.1.43 
1 
1.30 
1.1s 
1.28 
1.30 
1.42 - - 1.28 

1.17 
1.60 
1.75 
1.33 
1.25 

4 
. 1.45 

1.25 
1.16 
0.09 
0.85 

'0.60 

1.45 
1.25 
.i.os 
0.85 
0.65 
0.58 

1.08 
0 7  
0.88 

. 0.70 
0.62 

. 1.21 
1.05 
0.85 
0.05 
0.63 

dr - 
i n &  

0 

0.15 
0.38 
0.36 
0.66 
0.55 
0.70. 
0.10 
0.20 
0.45 
0.58 
0.76 

' 0.72 
0.05 . 0.31 
0.42 
0.72 
0.76 
0.52 
0.75 
0.80 
0.08 
0.72 

dr - & 
. d 

7 

Jluan 
dlamtor 
ol sund 

wound 
pbr, In mRp 

8 

0.163 
0.304 
5.313 
0.563 
0.647 
1.170 
0.008 
0.160 
0.118 
0.682' 
1.170. 
1.240 ' 
0.0.16 
0.320 
0.478 
1.030 
1.480 

0.417 
0.715 
I.oG0 
1.0.10 
1.360 

0.24 
I 

\\%At@ ' 

v 
Ssnd 

! 

0.68 , 

nolr i 
rand [ 
, 

1 
-1.61 

o.ta , 
; '" I 
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mlclrcuhr'cut a d  eaae baten. The bed of the flume in these experiment8 . : 

r lald with sand of 0.32 mm while the following materia* were used lust . 
~ u n d  the pier in SUCC~SSIO& . . .  

. . ' . L  

. I  . . . .  . 

1 J 
. . 

' 
~10.16.-1/18 SCALE PIElt EXP):RILIElrS, da I d FOR q 1 o h  ' . .  ..: 

Sieve number ' . Type of sand Mcan slze, In mm 
. a  

1 :,. . . screened dam sand ' m - 0.16 
2 ' .. Whlto 'V sand m = 0.24 
3 .  , - Nala nand . m = 0.68 
4 .: Nala sand . 

. . ' m - 1.51 . 
. . .  

. . . . . . i : 



THOMAS ON SCOUR 

The sand round the pters war lald flush vlth the upstream bed levol, A 
' 

consta~rt discharge & q = 1 cis per it was run and water level was adjusted to 
get a particular depth,.tho depths varylng from0.5 to1.46 it. Each aperlmont 
was contlnucd until find maxlnium scour was obtalned round tho pler, 

In afcw tcsts in whlch theupstream depthwas lessthan stable depth theup- 
r lroan~ bed scoured and blanketed the s c w r  pit around the pler. In such cases, 
the n ~ ~ i m u n ~  depth of scour at  the noso was n~easured just before deposltbn 
in tho scour hole of sand from upstrean1 occurrcd. 

In exparin~ents when sand around pler was coarser than the bcd matorlai 
' 

upstream, the bed around the pler was laid higher than upstream level, to get 
rcour round the plor for the upslream depth laid, 
: Table 2 shows tho rcsultr obtained Important conclusions, a8 follows: 

f 1. with axial flow, maximum dopth'ot scour was always at the nose of the 
pler, scour at sides belng loss by 5 to 15%. 

1. The ratio of s c w r  at the nose and depth of flow In the channel baa& a . 
rlmple relation wlth tho approach volocity In the channol (so0 Fig. 14).. 

3. Tho depth of flow on the upstream has also an Influence on scour at the 
pler mso (see Flg. 15). . . 

It will be soen that correlation of depthof rcoir  elther with*upstream depth 
(Flg. 15) does not appear to bo sallsfactory. The writer, thorefore, furthor - 
analyzod the oxperlmental data and found that the Froud number provides a . 
better crllerion. Fig. 16 shows plot of deplb of scour agalnst the Froud num- 
ber. Althouglr aomo scattor of points Is evldent in thlo plot, the general trend 
Is remarkable, statistical equatlon obtaied ovor the range of expetrimental 
data bclsg . . .  . . 

y a -0.61 + 6.65 x . 6.48 xa . . . . . . . . . . . . !'. . '(21) 

It 18 thus scan that e x p r l m o ~ t s  at tho Research Statlon do not land S U ~ P W ~  
to the authores equilibrium scour lhcory, and it appears that further tnvestiga- 
tlons both in tho ficld and In the laboratorier a re  dealrable baforo It can be 
accepted unrcsorvcdly and wilh cotdidenao, I 

Gratclul acknowlodgmo~t is mado of tho ldnd perntlsslon glven by M. Q. 
Iliran;l~tdiinl, Dlrcctor, Central Wator and Powor Roscarch Statlon to refer to 
expcrlntcnts previously conductod at the Stallon and alsoforusofulsuggostlonr 
olfctcd by Llm. . . . .  

. - a  
I .  

A. RYLANDS THO MAS,^^ PI ASCE:-I~ Flu. 17, tho author's' doslgn curvo 
for plcrs (Fig. 9). wlth a factor of 0.9 for appllcatlon to plors with sonlfclr- 
culur noso forrll, i s  cominrcd wltlr rasultsof oxlmrlmonts wlth modcls of plors 
carrlcd out by the writor la assoclallon with Slr Claude 1nglls.33~~4 Those 
plcrs r c r c  ntodcls of tilo pIcrs of tho Ifardingo Drldyo ovor tho Gan(pe River 
(law In East ~nliistan) which war037 lt wldoand 63 ft Ion((, IncludlngtJ~o scnli- 
circular nose and tall. Tho model plcrs war0 fkcd in a pnrallcl-sldod chnnnol 
with a k d  of ir~cot~cront Garages sand a b u t  0.3 nlm moandlamotcr and tho pro- 

33 Conr, Engr., Iasbr ,  E:ngl:u~d, 
33 Amlull llclruris (Tccl~~rlcol), Ccnlrul Irrlptlon nncl llyrlyodyaomlo RoroarohStatkn, 

Pooru, Indln, 1938-39, y. 39; 1939-.lo, p. 33; 1940-41, p. 35. 
3.1 .The i'ic?l~rvlour and Cont r~ lo l  lllrcru nncl Cnoals: by C. C. !ngl~r,C~ntrul.\va(@r- 

pow; Irrlgatlus anti x~rigalion nosoarc11 S~atiott, Ponnn, Indln, 19.19, p. Sl7 .  

Irrir-mIrm**I*rC;m*m 
TI~OR~AS ON SCOUR 

cedure was to run a constant discharge without sedlmcnt load until scour Iwd : 
ceased. 

It wlll be seen from Flg, 17 tlrat tho author's dcslgn curvq and stlll more 
hls curvo fronr the Iowa data, FIB. 3, lie well above tho Poonr results. Tho 
dlffrrence appears to bo too great to be explained by scdln~cnt 1oad.21 though 
this cannot be ruled out as the upstream deplh may b reduced ntoro by sedl- 
mest load than Is tho deplh of scour at the pier. It would be 01 valuo if the 
atithor oresented the data on rhlch he based his doslgn curve, showing partic- 
ularly the effoct of load. 

It Is  also most deslrable to compare smdl-scalo resulls wlth obsorvatlonr : 
made under full-scale. condltlon8. Such data are  dllflcult to obtaln because fl . . ' . . .. . . . .. . . . I 

.I .. .. ' . . . I . .  . . .  t .  I 
- 0 .  .&. . ?  . ' .  

b 
I. . - -  

I .. ' !.'If.\ '.. . ... .::,. . . .  . .. ;.. ' *. I 

' t  . :..,.., . ..* ... 
.I. . . F10.17.4COUR AT BRIDGE PIERS : r .  . . .. .. .'. '. : I . . .  

I 

tho ncod to tnko obsorvatlons durlng. high floods wltlch aro very olton of sholt 
duration. It Is cnslor to nloasuro dcph of scour at tho pler than In tho chnn- 
nal upstroam, rhero a nun~bcr of o l ~ ~ e r ~ a l t o s s  must bc taken to avcrage out 
tJre cffoct of bed wirvos. Evon when 1111s is dono It Is not ccrtaln that thobod 
was In cqulllbrlun~nt tho tlmo of observntion, Tho Poona c.uperln~onts showcd 
that a roduclbn in clmnncl depth, duo for cxanlple to rcslslcncc to scour, ~'0uld 
lncrcnso tho deplh of scour nt the Iwac of thc plor. 

Tho r c l ~ l l o ~ ~ h l p b c t u ~ c n  dopthot scourat tho nore of the plrr and 1110 6 k h  
01 channel upstream Is, thcrcforo, parhaps not tho most arullabla olru for COmr . 
parlson of lull-ocnlo data, Nor Is It yoncrally the most sullablu lor prscllc.lJ 
applicatlonof a dcslgn forit~ula, bccauso tho ugslrca~nde~~th during a m;u;lntum 



I Table I V .  Computation o f  Total Sediment Load f o r  Underlying Layer 

I d ( m )  p ( d ~ y ) ~ ' ~  ( I r -  1 f ( 6 z l w l  E ( %  by weight) % o f  to ta l  load 

q = 80 c f s l f t ,  dm = 17.2 rm 

[ 110 0.2 0.0346 0 6.5 0 0 
48 0.2 0.0132 0.64 7.1 0.012 1.2 
17.2. 0.2 0.00398 3.60 8.2 0.024 2.6 

3.2 0.2 0.00057 23.8 15 0.041 4.2 
0.2 0.000052 188 450 - 0.880 92.0 

0.957 

-- .. 
- _ _ _ _  - _ _ _ .  - -  . _ _ _ _  _- ..- ---- - - - I a t  the head of the reach drops. A s  shown tn Figure 9, the backwater c u m  

Q 

t for  a ra te  of flow of 80 c f s / f t ,  an n value of 0.03, and a reach degraded s i x  

fee t  i s  only a l i t t l e  over 1000 feet. I f  the degradationwas . triangularly 

shaped; s i x  fee t  a t  the upstream end, zero a t  the downstream end, the back- 

water curve would be longer, but not long enough t o  decrease the competence 

of the flow t o  the extent necessary t o  permit the bed t o  be armoured. 
-- - 

Figure 9. Backwater i n  degraded reach. 
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The important number in  Table IV is the  indication t h a t  a t  q = 80 

c f s / f t  the coarsest 20% should not move and the bed should armour. Degrada- 

tion of two feet should leave a layer  of 4-inch and larger  cobbles. Thus, a 

t o t a l  degradation of eight  feet--the s i x  foot  thick surface layer plus two 

fee t  of the  underlying layer--should be added t o  the expected local  scour of 

four feet .  The t o t a l  probable maximum scour a t  the  Queen Creek emergency 

spillway would then be twelve feet.  One cannot be absolutely cer ta in  of 

t h i s  l i m i t ,  but it is d i f f i c u l t  t o  imagine it would be deeper i f  the uni t  

discharge of about 80 c f s / f t  is the maximum probable flow t o  be expected. 

The f i n a l  design studies  should ref ine  and confirm these estimates. 

The reach immediately below the spillway w i l l  quickly degrade the  

f i r s t  s i x  f ee t  and should be a rectangular incised channel almost equal t o  

the  depth of flow. The flow should be s t r a igh t  out from the  spillway tend- 

ing to  keep the flow and degrading channel s t raight .  The flow t h a t  escapes 

t o  the  side w i l l  l e s s o n  the sediment-transporting capacity of the flow, 

therefore,  the time of degradation w i l l  be somewhat longer. The flow tha t  

escapes t o  the s ide  w i l l  a l so  be reduced i n  its capacity and competence t o  

transport and w i l l  tend t o  drop a p a r t  of its load and build a natural 

levee, which i n  turn helps t o  keep the flow i n  its i n i t i a l  width. 

Severe bank scour and widening o r  i n s t a b i l i t y  of the bank l i n e  is 

only probable if the flow becomes supercr i t ica l  because dunes and roughness 

disappear and the n value goes down t o  about 0.02. Sediment-transporting, 

supercr i t ica l  flow is unstable because an oblique supercr i t ica l  wave re- 

s u l t s  i n  a lowered transport capacity and deposition beyond the oblique 

wave--which makes the  wave worse and then the deposition worse. Even t h i s  
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worst conceivable state of affairs. however, should not result in a migra- 

tion of the bank line over to the principal spillway. 



RECOMMENDATIONS FOR FURTHER STUDY BEFORE FINAL DESIGN 

Local Scour 
- -- 

The Queen Creek emergency spillway structure is s o  wide t h a t  the 

basic model studies can probably be performed on a s l i c e  of the  spillway 

several baff les  wide; arranged so  t h a t  the end s l i c e  with wing wall can be 

checked i n  the f i n a l  design. The generalized studies  t h a t  have been made 

of the  baffled-apron spillway seem t o  leave l i t t l e  room for  improvement of 

the  recommended design geometry, but several questions should be answered 

regarding the local  scour t o  be expected. 

1. What is the Zimiting, equ3Zibr4,rtum scour? with a two-dimensional 

model with one s ide  of glass,  a time history of the development of the scour 

hole should answer t h i s  question. .The 0.5 nun sand used i n  previous studies 

should be used again. Does any self-sorting occur, creating an annour 

layer? 

2. What is the effect of eediment siae on the depth of tocat ecour? 

Several sands should be used t o  t race  out  the  function between re la t ive  

scour depth and the noxninal boundary shear/cr i t ical  t rac t ive  force. I f  a 

1:16 model and the 0.5 nnu sand a re  used, then the other sands might be 0.2 

nun, 1/16 inch, 1/8 inch, 1/4 inch and 1/2 inch. These sands should not be 

s ingle sized but neither should they contain such a wide range of par t ic les  

t h a t  self-sorting is an important factor.  A pai r  of t e s t s  with 1/4 inch 

sand l a i d  on a f ine sand i n  the  geometry the 1/4 inch sand takes by i t s e l f  

should be interest ing;  one of the  sands should be the one used i n  determin- 

ing the ef fec t  of sediment s i ze ,  the other should simulate the coarsest 



quarter of the coarse sand-gravel-cobble layer a t  Queen Creek. It would be 

much more convincing and sat isfying i f  a 1:4 model with comparable sands 

could also be run; it is not good policy t o  change only one variable i n  a 

dimensionless grouping--if possible a l l  variables should be varied, 

3. Shattd the depth of scour be measured from the orig.inaZ pound sur- 

face or from the taiZwater surface? Usually the depth of scour measured 

from the streambed is most meaningful because t h i s  is  the dimension of the 

hole. In  t h i s  case, however, the jet is slowed down i n  the pool and it 

might be be t t e r  t o  measure Me scour from the tai lwater  (or pool water) 

surface. The downstream half of the scour hole, and therefore the original  

stream bed evaluption might have only a small e f fec t  on the  scour depth, A 

few runs with the tai lwater  constant and several or iginal  stream bed eleva- 

t ions  should answer t h i s  question. Care should be taken to  observe any 

self-sorting t h a t  could e f fec t  the resul ts .  

4. Does the position of the baff les  r e k t i v e  t o  the tact-water surface 

or  the scoured streambed have any signifioant effects? Anywhere i n  the 

pool, the baff le  p iers  can serve a s  deflectors turning the  j e t  toward the 

horizontal. Does t h i s  happen? Does it matter where it happens? 

Degradation 

Further computations of expected degradation might not be especi- 

a l l y  useful, but there are  some further  questions tha t  could be investigated 

with possibly useful resul ts .  

I .  Have there been any f ield obsemtations of  deg-radcrtion for comparabZe 
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TA/Tc ra t io  is similar, it should be possible to  interpret the field 

measurements. 

2. Is there going t o  be severe degradation damstream of the CAP 

aqueduct due t o  j%ds less thun the 100-year flood? The controlled re- 

leases should not result i n  degradation greater than the limit expectefl in  

the extreme floods over the emergency spillway, but the possible effect 

should be examined. 

3. Could the CAP aqueduct be bui l t  incorporating a rock dike that 

would fk the bed and water surfme at that point mrd thereby limit the 

degradation beZm the Queen Creek spiZZwczy? 1f the alignment of the CAP 

is changed to  bring it closer to  the Queen Creek structure, this  would be 

a possibility' but whether the savings on the Queen Creek structure could 

offset the increased cost for the CAP canal, would also have to  be deter- 

mined. 

4 .  Bow deep i s  the underlying sand-ve t - cobb te  layer? This question 

is not related to  degradation, but the total  scour a t  the spillway. The 

tes t  p i t s  went down about twelve feet and this  is the predicted depth of 

total  scour. If a finer layer is beneath the sand-gravel-cobble layer a t  

twelve feet, Me bottom of the scour hole should be carefully lined w i t h  

cobble to  be sure it stays in place. I f  a finer layer is exposed a t  this 

elevation, the local scour could go down quite a b i t  and undermine the 

structure. 
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AllMAU ON SCOUR 

flood 1k not often k11on.n bcforclrandand would havo to bo calculnted. An error 
In asscnsl~tg this depth would )cad to a corrcspndln~ a~rd groatcr orror In ostl- 
matlng the level to whlch scour Is  llablo to occur. 

A n~oreboslc rclatlonshlp 1s that between depth of scour b low water lovel, 
Ds, width of picr, b, and upstrsanr dhclurge per unlt wldth, p. The relation- . . . . . .  shlp lndicatcd by the Poo~m results 1s . . . .  . . 

7 - 
in It-roc unlti, applicable to scou; In fine u n d  vlthln the l la i t s  of tla/)A, o r  
y& at least from 1 to 6 (see Fig. 17) and not greatly affected by the grade of 
amd. It Is necessary to take lnto accou~rt the effect of obliquity of approach 
flow, which nray bo doue by uslng lor b the profectcd wldth of pier on a plan0 
normal to the dircclion of approach. A factor of safety should also be usod In 
design. . 

The dtsehargo per unlt-wldth to be used for design must. In most CUN, be 
greater than the mean value because In river8 the deep channel meanders from 
one bank to tho other. It is therefore advisable to use, at least a8 a chsck, the 
relatlo~rshlp propclad by 1nglls34 glvlng tho maxln~um depth of scour around 
8 pler as  approrlnrately twlcc the Lacoy reglme depth, that Is, ................... D - f (25) 

in wlrlch Do ia the depth of scour In feet b o w  water surface, Q 1s t o dls- 2' c h a r p  In cu sac, and f Is the Lacey sllt factor ~pproximntoly 1.8 m wlrero 
m - n~ean dlamctor of bed sand In mm). Eq, 23, derlved from data of soverd 
brldges Inlndia and Pak&lan, takos lnto accwntobllqulty of approach and con- 
centratlonof discharge but not the wldth of pler, which is  clearly an Important 
factor. The data related to normal widthsd pler and to depthsof scour mnglng 
from 25 It to 117 St. 

! 
scour and that the effect of sodlrrrerrt slzo cnn be lugtactcd. Tcds  made on , ; 

' depth of Iocallzcd scour at spr~r  d1kca36 also showed that localtzcd scour 'lcpth 
, I docs not w r y  xlth grain s h e  1n tho nnge (0.1 m to 0.7 nil usually nrct with , 

I in alluvial plalns of \Vest Paklatan. Iiou*over, this concept may not LM valld : 
for the erttlro .range of bed materlal slzos rmglng frorra flno sand lo gravel and , 
boulders. I 

The author's vlow that scour depth 1s another lcngth con~ractcd ~ 4 t h  nornral 
depth or  wldth of pier Implies that It rarlco wlth tho dlschrrgo, o r  more car- 

• rectly wlth the discharge per loot run, Tbe author's 4. 8b and c holding lor ! 
rltSera and streanrs in West Poklstan are: . i 

* where the utponent varier between 0.64 to 0.6& or  on tho avorage the refatfor , ' 

1 can be written u 

MUSHTAQ A I I M A D . ~ ~ - - T ~ ~  problom of correct esttmotlon of depth. shapq 
and extcnt of locallzed scour Is lnrportant from tho polnt of vlew of establlsklng 
sound dcslgri pracllce and safclyof lrydraull~ rtructuros much a s  brldge piers, 
alulnre~tts, spur dikes, grolns, or  pltchcd islands. Thls problom Is much more , 
Important for hydraulic structures ln alluvi~l rlvors ot West Paklstan where 
fino sand is found for huadrcds of loot In dcpth, and scour depths of 40 ft to 80 
ft bclow ra tc r l cvc~  aro conrnron. Tho author has, thorefore, dealt with a sub- 
ject of speclal Inrportarce and groat utility to thls rcglon. 

It Is proposed to discuss tho aufiror's approach to the problem with spcclal 
refcrcaco to fisltl and laboratory cxpcrlc~tco ln Wcst Pakistan. The author has 
assunrcd tho dopth of scour as  anodrer lcnflh and h ~ s  rolated it to the nornlal 
dcpth or  thc wiclllr of a plot, and malntalns that tho dcpth of scour does not d%- 
pcnd on tlte dcgrco of concc~ltrallon until scour holcs around nelglrMrlag ob- . 
strucllot~s overlap. Ho nral~rlalns thal thoro Is cq~tlllbrtun~ or  llnrltlng depth 
and bcllcvcs that for a glvcn nrodo of scdlnrcnt n~ovcnrcnt, tho doplh of scour 
dcpcnds only on the geometry of contraction and tho approach depth. Ho holds ' 
that tho cffcct of vcloclty at~d sodln~cnl slzo can be negloctcd as that of aocoltdary 
order, Tho writcr agrccs that thcre Is an cqulllbrium and .llmltlng depth of . . 

35 Dir., Irrlplion necuorclr j~rst.,\i'crl Pakistan. 

ln uehlch K may bo a functlon of boundary geometry ot the cotrtmctfon at the 
bridge, abutment rhapa and thickness and shape ol the nose of tho plcrs, and 
so forth, Because the depth 1s a dcpendont varlabloon dlscharg~ lntonslty, the 
latter may brused ln preference to depth. Itere only lles thodlfforonce In ap- 
proach batween the author and the wrlter in studylng thls problem. As simwvn , 
prerlouely tho turn approach s a re  not very dllferant, Tho wrlter prafors to 
study tho varlatlon of Ds/q2h = K as  a function of boundary goometry, shape 
of pler nose, and abutment, charncterlstlcs of bed material, and dlstrlbutlon of 
velocity In the cross section at the plcrs ral~roscntlng tho concontratlon ol 
flow. Tho functlonil rototlon far study nray bo of tho type: 

h uVhfch 8 I* the angle betwcon tho curre~rt and the spur diko, m nlwtmont or . 
a pier, v I / ~ / v  !s the ratlo of nrean vcloclty In half the channel wldth on tho 
J d e  of spur dlke o r  abutment to tho mean veloclty In full scctton. It bo a . . - 

and Dcharlour of Spur DykcrDe by 3furhto~~hmrd, prt& 
Hydr, Convcallon, Sel%onrhcr 14, 1953. . . . . .  



morsuro of concontratlon of flow; W IB fall veloclty of bud mntorlal; D 1s the 
rlvcr wldth upstroanr of tho blldge; B 1s dlsta~tce betwoerr the abutmonte; n 
io the numbcr of plero,; and t 6 thlcluress of each piers. ha 

. Tho wrltcrdocs not anree thrt the duptlrol scour does not dependon tho de- 
groo of concontratlon. It has hen  found that by changing t h ~  concentration or  . . . .  ,.A 

" 
(1) 

-. .: . 
' (2) . (3) ... 

Scour blow a rovoro band on the cmcava rid0 ro- 
companied by a rwlrl on the convex knd, 1.16 I - 1.26 ... 

TABLE 4.-SUXl&NM SCOUU DEPlliSODSERVED AT BRIWL PIE8 AND . ,, .ABUTLIESlY OS DlPVERCSr SIODEL Sl'WMES AT UIRIOATIOY- RESEARCU 
g.t . . . . . . .  mrrvre UIIORE.~ 

d 

Rlwt  S t u  Q L W ,  q loour &pU K 
IR Ob- &Je Cor- . . sowed dl#- rrcl- OU' . me0 . lor- ut 

tba *oouC @I . . 
fan- doplh. 

tr) 

. . . . .  l76,800 430 90 1.8 I 0  1.80 a1 nl*c(- . . . . r 
monl 

1.34 a1.1 0.16 3.4s a.at am.&. 

1.4 I 4  8.16 t.li 1.81 M.3 
1.36 11.6 B.0 2.0? 1.04 31.1 

1.8 25. t.8 3.67 0 6  40.8 . 
. . .  . . .  .,: .' . . 

bbdorrte Bond8. 
&rrlght obslnrctba plroed at my .n#e of 3P  to BO. 

~ l r r l ~ h i  obrtrudloa ptoced at an .nda ef Bo - l w *  
to tho now 

Coutpulatlon lrom Fig. 8. Bullclln No. 4. 
b Bed nutorlal - firo rand. - i. 

. vcloclty dlslrlbutlonat bridge site bylrnlt~lng ~ ~ r t l u p s t r c a r n ,  iho scour depth 
can bc consldcrably roduccd. Tho varlatlonof scour dcptl~ ns  a result of chango 
In veloclty and flow dlslrllnrtlon duo to tho trrlnfngworks Is expl,?lned in Flgs. 
18, 19, and 20. Figs, 19 and 20 dcplcl a niodul of tho Ling Stroam showlng a 
bridgo below r curvo. Tho conccntrstlon of flow no= tho lull flank I s  notfco- 

I .  . . . .  : 

1.16 
* 1.4 . . .  

1.0 

20 
P 

a .  

! I P 

VfLOClM OlSTRlBUTlON VELOCITY . .  DISTRIBUTION ' . 

1.6 - 1.T6 

1.a - 1.6. 

1.6 - 1.T6 
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. BRINE X-X' 

CROSS SECTION AT 
BRIDCE X-X' 
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FIa. SO,-!!'LOW AT BRIDOE SfiE . . 

(a) WLOCIlY OlSTRlBUnON AT 
BRIDGE SITES I, 11, AND 111 . - 

(6) M R E E  BRIDGE W l m  . ' 

IN A CURVE 

.' 1 ; 

FIG. 22.-ABNORXtAL SCOUR AT A GUIDE BANK IIEAD . . .  ,!.. .. 



AflMm ON SCOUR 

able In Ng. 19. A pltched Island and n spur on tltc lcft bnnk fnns out lhc flow 
at the brldgo slto to oMaln nroro unlform vcloclty and lcssor scour a s  qbown 
In Fig. 20. 

In tllc nrcllmd of plot adopted by thc atttlmr In uhlch scour depth In rolntlon 
to U/S dcpth hns bcctt studled, tho no~r-dlmcealonnl scour porlmctcr may not 
haw sfgnltlc~nl rclallon wllh vcloclty, lor, In open cha~tnols as  tho voloclty o r  

' TAU1.E S . 4  . - -  . . 
%No. Year Q 

I 

% 

(1) (2) (31 - 1948 66000 

r? lsrs 52000 

3 3  1850 1,13000 

4: 1951 44000 

IAllDARA RAlI.\\'AS BRIWP ON n?VElt JI 

1l.Y;t. 'Oaugo \Vator- q .Urn. S( 
B way at 

tho 
RbL. 

brldgo I 

8, In 
focl 

4 . ( 5 )  (6) (1) (sl 
686.0 11.7 12 x 80 9 . 6  6Sl.14 - 1080 a 

r8a.o e.t 6 x so 9z.r 6at .u  
a 120 

Part a1 Ute water Is marked by a son11 or able Island at the brldgo and hencr 
tho dlllerence In tho cator urr for different you r .  gdNo .trtIttbtg vorka a river bid 41. 
0 A spur constructad u/s to currcnt approach. 

AlIkf~U) ON SCOUR 1 .  * I  > I  

In fact, tho nuthorD8 torm (qC + Q-,~/Q~ in ~ q .  9 IS, nlso, n rnEPSUFQ of con- .i I 
t I cc~rtrntlon of flow. Ilowvevor, tho csll~riatlon of Qc, &, o r  Qw Is dlfflcult for . 

prnctlcnl uso In tho cornputnllon of n1mlr11um scour dcplh In cario of n cuwcd j 
n1111roach. Thc wrltcr Ins show1137 that clbango In flow conccntrntlun nbvo a ' 

spur dlko, can be dcplctcd in terms of vcloclly dletr&utlo~r and eonlnlon typcs I 
arc dcplctcd In Flg. 21 by 1, LI nnd IU. Tho typo I11 voloclly d l s t r l~~ t lon  glvcs 1 tilo maxlrnunr concc~ltrntIon onlho outslcle of a k n d  ns duo to ncgnllvo vcloclty : 
onthe huldo, a part of thcwntcr nlay Is Blockcd by rcvcrsc Ilow. Fur tlrolhrco 
typos of vcloclty dlstrlbulion dcl~cndlng on dlfforct~t typos of altl>roaclws, tho ,, 
vnluos of V /V and K as  dctcrml~rcd from wrltcr's stu!llcs on spur dlkcs ( ~ ~ k l c h  , C 
may be np$lcnblo to abttrnents), a re  glvon ln Tnble 3.' Since mnxlmum scour . 
can occur on my one or  n group of plers In a nrcmdcrlng alluvlnl c l ~ ~ ~ a r c l ,  tho 
dcpth of foundation of plers has to be computed lrorn tho vnlues ol K ns lttcd 

' 

by tho rlvor curvaturosllkoly to occur, keeplag In vlcw tho rcstralnts lmposod 
on rlvor by the upstroom tralnlng works, The nrcthod commo~~ly used In \Vest 
Pnklstan supported by Lnboratory studles.nnd flcld observnt lo~ conslsts In 

Qmax. . * .  working out q - ,? . I 

At the bridge elte, the vnlue'bf K canbe s'clectcd frot,~ the n&mum tuba- 
ture llkcly to occur. Thls wlll glvo scour depth below wntcr level, nnd tho dcpths . 
below bod level can then be worked out, Mmln~um depth of scour from model 
studles at brldge plere nnd nbutments of dlflcrcnt rlvers and streams, alter 
corrccting tho results lor tho effect of scale dlstortlon ongcomctry of scour,37 , 

are summarlzod In Table 4. In thfs table, scour depth has bccncornlnrtcd from 
the author's deslgn curvcs of Dullctln No. 4, In Flg. 9. The scour depths ob- 
talncd after correcting tor tho model scnlo dlstortlon nregcnernlly higher than , 

those of the author. In computing DS vllluo by 1ds method, tho actual mean , 
value of Yo has bean takcn from tho cross scctlon above tho bridgo. Tho value 
of K does not exceed 1.7 because severe Mnds are not posslble ln'thesc cnscs 
due to the presonce of guide .banks. ' . . * . .  

Flg. 22 shows abnormnl scour at a gulde bank head. A heavy emb:lyment Is . 
noticeable on the right nnd constmctlon due to rilting caused by roller on tho 
lelt. The K vnlue of a.9 can be ol&nlned In such a case. 

The heavy embaymont roeultlng In abnormnl scours illustrated In Fig, 92 
wlth K v@uo gronter than 2 nre psslblo only on spur dlkos or  guide bank heads 
alld are  not to be allowcd on brldgo plers.or ahtmcnts. In tact, for nlluvld 
rivers or streams of West Pakistan, guide banks at lenst equal to tho length 
ot tho bridge, wlth curved hoads and oxpandlng wnter way on the upstronm sldo, ' 

nro provldcd to elrift tho #rr\xtnlum ombnynlc~~t nnd abnornral locnllzed scout 
to tho gulde bank beads lnstcad 01 nllowlng It to occur near the Brldgo wlth 
short abutmo~rts, Under these condltlons, the values of K lor estlnmttng the 
maxlmum probable depth of scour can safely be taken between 1.7 NO 2.0. In 
case of a short abutment lendh before the condltfons for flbnormd scour where 

dlschargo iacrectscs so docs the depth, although not noccesarlly by ero8lon of 
K greater thnn2 nre obtnlned, the approach roads or  rxllway will bo threatcnod 

tho bcd. For a uniforln approach vcloclty, a mean depth can be assumed for 
nndcut by the embay~nent formed by an nlluvlal meandering rlver, It Is there- 
for necessary to deslgn plor and abutment depths lor scour calculnted from 

use In the autlror'e relations. But, gencrrlly, abnormal scour dcpths at plers 
or abutments arc assoclated wltl~concentrallonof flow resulting from the var- 

K 1.7 . . to 2.0 and . . provide proper guide bank to kcop the ?ad or raltwvay ap-, , 

latlon of veloclty and dcyt11 In tho approAcheectlon and the selectlon of repro- ' 37 =Effect of Scdo Dlstortlon, Size of hlodcl Bod hlaterld and Tlme Scnle on Gco-t 
rrnllatlt*e anoroach deptll lor use In the author's relatlon and fhe cstlmrtlon .- . of metrlcal - . Slmilnrlty ot Locnllred-Scour,. by Biushtaq Ahmnd, Proceedlnmd Internrd. 
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proaches safc from cmhynront and to k c c ~  abnormnl scour awny from the 
nlaln bridgc crosslng. Actual scour dcptlrs obscrvcd on the rallway brldgo on . 

Rml now Lnhorc and tlro computcd valuer of E as  rccorded in Tablo 5 also 
rupprtcd tho rccordcd valucs of K 

LAURSEN ON SCOUR 

A s  r conclusion, tho futrdnmentnl Inrlmrtrutco of avoldlng any angle of attack 
htwvccn tho pier and tlro flow should nynln be strcsscd. 111 order to obtalra thls, 
the rlvor banks should bo stnblllzcd wlth ndcquato measures for a sufllclcnlly 
long strctch upstrcam of cvcry brldgc crosslng. In bralclcd rlvcrs, howcyor. 

PIER LGGI R O L U T A . ~ ~ - T ~ ~  author'. lonl las t ly  cfforls to cait light upon 
tho plrcnonrcnon of scour around brldgc plcrs and abutnronts u o  to be greatly 
Conrnlcndcd bcenusc of thc great practical Importance of tho problom. The 
c1e.u md condcnscd preseniatlon In this papcr of tho rcsultr of these efforts 
is a subslantld stcp towards a gcn~ralizcd solutlon of tho problcm, and will be 
of great uso to dcsIgncrs and totheadmlnlstratlons rcsponslble for tho con- 
structlon and maInlcnnnco of roacls and ralluraya. To thls end a coordlnded 
effort should be nrado, in order to Insure tho necessary verlflqatlon on proto- 
types of thc proposed rclatloashlps. 

There Is no doubt that one of the most importmnt factors of ~COU?#  whoa 
plers havc a sufficlcnlly Ngh lcngth per rldth ratlo, Is the anglo of attack be- 
tween llre plcr and thc flow. Even small deviatloneof this angle from the zero 
value are res~mnsiblc for fast increnscs of tlre scour; t h b  usually represents 
8 much grmtcr dangor to the stnblllty of the plcr than any undorevaluatton of 
the nrcurlmunr posslble flood. Tltc collapso ot mnny plars durlng floods Is, in 
fact, to be ascribed niore to the anglcs of attack, wNch may occur due to un- 

. usual cross-currcnts and deformations of tho rivor bed, than to the unexpected 
' entity of the cllschnrgc. 

In vlcw of all thls, the wrltcr carried out, soma ycors ago, a mystematla 
model invcstlgntlon of the influonce of the angloof attack upon the'depth of 
scour. The cxperlmenls were carrlcd out in a glass-flume of the Hydraulic 
Laboratory of the Polytechnlo Institute of Milan, ruppliod with clear water, 
uslng unlfornl s m d  of 1 mm dlam as bcd matcrlal, and In mch condltlons that 
thcre was no gcncral bed movement but only localized scou'r around the pler. 
The shapo of thc pler was not particularly studled, and It reproduced a rather 
widely used typc of pler; Its length per wldtlrratio was about 8. Two eerles of 
tcsts r c r e  carrled out with different valucs of the dlschargo, wldle the angle 
of attack was varled fronr Om to 90'. 

Tho data ohalnod at 8 roro ~ng10 of a l t ~ c k  are In rather p o d  agreement 
wlth the currereprcsontlng Eq. 11 Flg. 0, but tor thefact that they conststontly 
Ile a llttle below llrls curvc. An lncrcase by 60% In the dischnrge (whlch cor- 
rcspondcd lo an incrcaso by 20) In thcnvcrge vdocltyof flow) brought around 
only a 2O",ncrcase In the nraxlmum depth of scour, at the same angle of attack 

The Icsts with varying anglo of attack have ahown the baslc Importance of 
tlds factor, For an anglo of 1 5  tho mcurlnrum depth of scour was 1.9 tlmes 
that corresponding to a zero anglc; for an mglo of 3(P the lncrcase 01 scour 
depth In the rat10 2,6:1 in respect to the zero angle, for an anglo of 4 6  In 
tile ratlo 3.0:1, m d  lor an angle of 60' In the ratlo 3.3tl. Increasas of the angle 
of attack hyond 60' and up to 9 0  did not brlng around any further appreelablo 
Increase In the scour depth. These values are considerably in excess of those 
lndlcatcd by Fig. 10. 

Another lntercstlngobservatlon was that the paint of maxlniuln scour depth 
alwq-s occurs vcry closo to tho plor wall, so that, U tho dcp(h 01 the foundntlon 
is not suftlclct~t, the plcr wlil easily ba urrdermined, and collapso, 

s 

tlra posslblUty tlbit nn angle of attnek occurs should always bo tnkon I1rto ac: 
count, and tho plor foundations dcslgncd accordingly. 

EMMETT M. L A U R S E N , ~ ~  M. ASCE.-The gcogral,hlcnl dlstrltutlon of the . discussers and tho quality of the dbcusslorrs iadlcate tho wldcsprcad interest 
111 and attest to the import of tho problem of scour nt brlckc plcrs and abut- 
lncnts and dnrilar 0 b S t ~ ~ t i 0 n S  In a strcrrm. IVitlrout douW tho crucial Issue 
mlscd by tho analyses is tlrc questlon of the clfcct of tlro vclocity of flow on 
tho dcpth of ecour, Tho posltlon of tho writer 1s that there Is a funchmenlal 
ditfcronce In this regard depending on whcthar tho approach flow suppllcs or  
cbcs not supply scdlmont to tho scour hob; that undcr condltlons of no supply, 
such a s  a relief bridge, tlrc velocitynnd tlte scdln~c~rtslao arc Important Indo- 
terndnlng the depth of scour; that undcr condltlons of supply by the approach . + flow well abovo thocrltlcal trncttvc forco, tho Ccloclty and socUment sixo hive 
little olfecl except insofar as they dctcrrninc tho modool scdinront r~rovoniot~t, 

The position of Joklekar, Clritale, Thomas, Ahnrad, BIcnch, and Bradley 
(eitller expllcltly or  by reference) Is that tlre dcptlrof scour Is proportlonol to . 
the two-thlrds power of tho discharge per unit wldth. Beenuse tho dlscharge 
pcr unit width is tho product of the veloclty and tho depth, for a glvon gcomc- 
try (including the depth of flow), t11a depth of scour should vrtr with vcloclt 
Ntcrnntoly, one may rowrlte the Pmna equatlon so that dJ - ~ ( ~ d b ,  Fr 
Again indicating that, for a constant geometry, tile clepth of scour I s  a function 
of the velocity. Although theposltion+of Tlson md Romltais not entirely clear, 
one may infer from their analyscrr that tlre veloclty has an elloct on tho dcpth 
of scour. Intorestfngty, nona of them seemed to stress an effect 01 sacllnront 
slza. ' The caae of the long eontractlon can be usod to illuslrnte the fun&?montal 
difference between clear-water scour and scour in a sedlnrant-transporting 
stream. Tho lnorlt of this cnso for illustrative purposcs is  that tho flow con- 

, dltlons and sodlmont-transporting comyatonce and capncity cnn bo ovaluoted 
with relativeconfldonce and agrcomont, aspecinlly If thoconrpllcntlng features 
of the zone of non-unlformlty and of tho ripplo nad chrno for~~rntion or0 dlsre- 
prded. U one now consldore a contrncttonol sonro given gconictry, two wldths 
and a depth of flow, i t  is possible for the volocity of flow to be so small that 
there Is no movoment of the sedlmcnt anywhere, At or  below this veloclty, that 
Is dapandertt on the ecdimont alze, there will be no scour, and the flow will 
lwhavc ns If there wero a rigid bcd. If tho volocity is Irtcreascd, but not .to 
such nn oxtent that there is sedlmcat movenrcnt in the uacontracted ap1woach, 
thc contractlon will scour. The limit of tho depth of llo\v (or scour) will be a 
rcloclty (or tractlve force) that wtll not move thc bed scdlmont. For tlrls case 
O( clear-wvnter flowv ln the long coirtractlon, It la rc;l(Uly apparent tlat the ve- 
locity of flow nnd tho sediment size, as  well ns tho gcomctry, will affect tire 
depth of scour. The sirnllnr argument for tho case of scdin~enl-trnnsportlng 
' flow In n long cot$ractlor. sulcrilnatod In Eqs. 6, 7, nnd 8 In wlrlch tho vclo~lty 
2nd depth of tiow antcr.only lnaofnr ns tllcy nffcct tho nroda uf movomcnt. 
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EN ON SC LAURSEN ON SCOUR 

The confused flow In the arca of scour around a bridge pier o r  abutment 
iannot be as  woll described, but one can expect that qualftativoly the effect of 
velocity andsodimcnt s i to  would be similar to that In-tito caseof the long con- 
traction. Thomas explfcltty states that the Poona experlmcnts that resulted 
in Eq. 22 were run 'wlthout sedirnont load,' Eq. 22 rewritten so that t 

. . . . - .  . "  5 r 

:wili'ap~roxlmat* tho b& thriugh t h o ' h n a  data in Pig. 17 with a Fmude 
numbor of 0.2, The curve for a Froude numberof0.4 wuld cross the wrlter's 
proposed dosl n curve a t  app~~oxlmately y& qua1 to writy and would rise to 
a value of ds f b qua1 to 4.2 at y$b equal .to 0. Wghor values of- the Froudo 
numbcr.would Indicate even greator scour, Chitalq after doscrlblng theso 
'same Pmna exparlments, cltes further experiments wNch evidontly Involved 
uncontrolled sedlment movement at the hlgher velocitles: 'In a tow tests In 
which tho upstream depth was less than the stable depth the upstroam bod 
scourod and blanketed tho scour pit around the pler. In such cases the depth ' 
of scour at the noso d tho pler was nreasured just before dopos t ion in the scour 
hole of sand from upstream occarred.' . , I -  '. The data for thchlghcrr volocltlos from ChitaleBs Table 2 if plotted in FQ. 9 
would fall bctwoon tho design curvo (drawn conservatively) and the analytla 
curvq, Eq. 11, as a group of poi~tts with d d b  betwoon 1.19 and 1.93 and y&b 
bc!wccn 6.91 and 1.23. Dlonclr prcscntr a relationship, Eq. 12, reducad from 
tho Poona cquatlon and basod on tho same oxporlmonts wftllout oedlme~it load, 
that would also paas through tlre PPona data In Fig. 11. Ron~lta cites an in- 
croaso in tho depthof scour with an incrbse  In vcloclty, but again the tests at 
Wlan were run '. . , in such conditions that thare was no general bod move- 
mcnt but 01Jy localized scour around the pler.' 

Corrcspondcnco with Ahmad cstabllslrod tho fact that his oxporlmonk woro 
conduclcd so  that tkoro wao good gonoral lnovcnrcta of tlro bcd. Ilowovor, ho 
usod tho avorago dcpthof tlro slraana to obtain tho dopth of scour by tho writorD8 
proposcd nrcthod and adnrits that a small anglo of approach batwacn tho flow 
and pier can Iravo a consldorablo cffcct. A modcst incroaso In depth of flow 
and a sniall niiglo of attack could oaslly accourlt lor tho dlscropancy betwoon 
thc obscrvod and prcdlctod ddpths of scour In Tablo 4. 

Blench objccts to tho uso of a total load equation for tho dovolopnront of 
Eqs. 1 and 8 on tho grounds that It Is bod load thnt is malnly effective Ln do- 
termlnlng depth. Ho fcols thnt the lortlrula b rough, and ln~pllos that y is not 
tho roglnlo depth. Eqs. 1 and 6 aro for tho caso of tho long contraction. II 
there Is to bo mass coascrv;rtlos In regard to tho scdin~ont loa4.a total l&%d 
rclatlot~ must bo usod. Tho differorrco In depth of ncour is not largo for dif- 
lorcnl modcs of n~ovonrcrrl a s  can bo lnfcrrcd froan Eq. 8 and scan 111 Plg. 2. 
Tho wrltcr's sedl~ncnt load rclntionshlps woro usod becntrso tboy parnrittcd 
the evaluatlonof this cffcct, Any other sodlmont - transport oquntlon utlll givo 
al)praxlniatcly tho same results bccauso tho load Is not trcatad absolutaly but 
111 ratio. Tho dclih y is tho rcginro dctdh In tho scaso thnt It Is tho cqullibrlus~ , 

depth th;d wlll not chairgo witlr Iinic, although .It nlay not bo equal to Lncoy's ' 
rcgln~odcplh that docs not cottsldcr~lro effect of lmd. U t l~o oqulllbrlunr do@h . 
docs not ollaln, ono rltould also cor)sld& tlrc first catogoryol saour montionod 
as "Lhoso chamclcrlstlcs of tlrc strcanr l t ~ o l f . ~  . . 

' i I . . . ' . . ..:. . . . i :  
i 

The Milan cxperirnents aro cited GY Romlta as  differing from tho Iowa ro-' 
sults wlth thedepthof scour for zero anglaol attack lying bclow thc curvo rcp- 
resenting Eq. 11 on'Flg. 9 and tho cffect of anglo of attack bclng greater than 
indicated by Fig. 10. Because the conditlonsof the espcrlmonts were dffforeat, 
the Mllan cxperlmonts being run wfthout sediment load, one can only spcculato 
on the reason for tho discrepancy. Tho lessor scour notedat zcro angle of at- 
tack may be because of the velocity clfect of clear-water scour. Ron~lta, in , 
bct, mentiona an lncrcase 11, depth 01 scour with an lncrcase In vclocity. Tho 
greator effectof angleof attack nray be relntcd to tho affectol turbulonco level ' 
on the crltlcal tractive force. The critical tractivo force 1s not rcally tho moan , 
valuo of the shear .that will just move the secun~ont particles (cxcept 1n Ioniiirar 
flow), but the mean value of tho shear when tho maximum shear clue to turbulent 
lluctuations will just move tho scdlment particles. In the disturbccl, confused 
flow In a scour hole one might expect that tho turbulence level would be greator 
tha~a normal, and that tho irrcreaso would be related to tlre degrco of obstruc- 
tion. Bocauso the llmlting condition for cloar-water scour 1s tho critlcal tmc- j 
tlve forco on the boundary of tho scour holi, it 1s posslblo that tho effact of ; 
goometry such a s  anglo of attack would bo magnified over the effect found for 
the case in which thore Is a sediment supply. 

Similarly the considorable offoct of s h ~ p e  found by Tlson may k duo to tho 
lack of supply. A lessor veloclty than usod would prohbly h%vo $csultcd in * 

all scour depths being roducod, and if o small enough voloclty woro urod, thoro , 
might not have bocnnny scour at all around tho boltor shapcd pfors. Tlius, tho , 
relativo effect of shapo would havo boon mngaiflod cvcn more. Tisods denlon- , 
stratlon of tho causation of secondary flow as rs conscquenca of tho hot!zontol 
curvature 01 the stream-llnes and tho vertlcal volocily dlstributlo~r is  sound 
albeit qualitative. How this argument can be extended to tho drastlc change ln 

' 

the flow pattorn aftor a scour hole has developed, howover, Is Wflcult to en- . 
vlsion. 

i3suorb8 crosslng deslgn should R C ~ ~ C V ~  tlio two cnds he obviously ilitcnds; 
' 

ilniiting tho dcpth of scour to insuro tho snfcty of the brldga, and pcrn~ittlng a 
controlled depth of scour to roduco tho Ic\cl;watar. A few ~ ~ a r t l s  of caution are 
In ordor wlth such a design. Tho rock layer must ba coniposccl of s\~filclcntly 
hrge  matcrlalso that It wall not be scoured out chrrln a flood; tills is o clear- . 
n t e r  scour problen, that 1s not solved u yet (I961f. The deeper the hy€rr 
1s plncod tho smaller the rock c m  bo, Tho scour wlU l o  co~rccir!mtod around 
the plors and nbutmcnts and rnay not extend ovor tlro cntiro crossing. An ap- a 

proximate ldoa of the lntoral extent of tho scour can bo obtainad by cquatlng 
tho cross-sectlonnl arcas of tho arrostcd and unarrcstcd scour holcs. 

13ra41ayBs cautionary conrmonts sbu \d  bo hooded by all cnglnccrs soaklag 
to usa the propsod methods of prcdlcrlng scour. Tho reL~tionslJps proposcd 
hwo been testad at only ono real brldge plor, and thls at r sito of sinrplo ge- 
ometry. Ifla plea for field moasuromonls cannot bo soeonded with too strong 
a voice, i 

i 
. . . . . . I 
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AN ANALYBES OF RELIEF. BRIDGE SCOUR , : , , , 

" 

Brqed oa the pmposlttou that the limlt of clear-water reour L a boundarl 
@hear equal to the crltlcnl tracthe force, a relatlonehlp for the rcour In I 

long contrqctlou as a function of the geometry, the flow, and the eedlment ha1 
' been abtained. Certain aeeumpllon8 were made to deecrlbe the datermtntn~ 
factorn, but any other method8 of evaluatlng'theee factore ehould produce slmt 

.lar relattopahipe. The eolutlon for the long contraction wae modlfted for th 
.abutment and the pter by aeeumlng that the ecour holes forming around the8 
obetructtone would be a multtple of the ecour In an.Imaglnary long contraotto 
ol the width of the scour hole, An approxlmatton of the modtfled nolutlon fo 
the abutment and an approximate eedlment-transport equation were used t 
descebo ths development of the ecour hole with time. 

Cornparleone of the relatlonshlps obtatned by these approximate analgee 
a vUh memuremente from revaral laboratortee tndlcate that the prediction# rr 
paronably satisfactory and that the method ql attack fa prombtng. , 

' . -. 1 
. , I  

I . . ; 1 8  . , 

. STATEMENT QF PROBLEM 

1 

A slmple craeslng of au alluvlal valley conelste ot embankment# on tl 
. floodplain and a b~ldge over the rlvsr channel. Duringa flood, the ernbankmen 

Note.-Dieoweionopen unttl Ootober 1,1063. To extqnd the olorlnp data one mml 
nwrltLenrequest mwt be filed with the Exaoutlve BecretPry. AWE. Tbia paper b pa 
of the oopyrlghted Journal of ths Hydraullor Dtvleloo, ProaWagl d Ibo Amrrlo 
Soolety of Clvll Englnsorn, Vol. 88, No. HYS, May, 198s. 

i ' -  . 1 prof. &rhd,uerd, D ~ N .  01 CIV, En=., ~ t m  U ~ I V .  ai ~ritonr, maw, Ada, 
' ! 
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n& & tni noodpi~\n; f o t ~ j ~  .&i';*iq on' thioub tho rater- 
' *  way opening ol thelkpla channel crwrlw. @ the upetream side d the ern- ' 
i bankmentm, tl~e patey-surfece olevatton all1 ba greater than normsrl (ln the *. I .  
shenee d thq croeqlp(r), pbtly becawi d the baclnv~t~r due to the valley ' . 
croeelngand partly Wqauag r) gradlent f r  foq~#pd f{r the flow to qove later- 

, allyacrore the fldplqln @'the m ~ l n  channel, On the doynetreqm 01ds.d the 
rmbankments, ,tho water~rprf@ce elevation will (end to be lower QM normal 

. becatas the water 1) r l ~ c h  tor porno dietruroo wtll the $ 1 ~  on tho floadpl~ip. 
18 re-establlehed, . , I . . .  

' I  

. 4 ~ e c d a r ,  bddg9. on the nmddiai~,vjl~ dtvrfl p part d the flow ' , 
f v m  .the mala chmel crassing; the arellel' thus obtained presumably per-* ,. 

, mttr a reductlq In U1q lerqth al tho b9dgg over t b ~  metn channel and In the 
height d the flllr, ', * I  

Flow on the f l d p l R i i  (. !tab10 tq bo rt  1 i q  velocltv IW, therefore, to . 
haveclrmall competencg for the lnove~ent d redlment. Moreover, tho  over 
on the floodplalr) will t)nd to I@tblt aedlment movement, Thur, a supply d , . 
redlment to the rlcfnity 91 t4e rellel bridge d the slre d the materlal that . 
could bs rcoured.,aut 1q.aot to & expected. Became d the large duferencr - 

,In e l n r t i o ~  d t* water aurfaoe on [qe two mYer d the e o m e n t , t b e '  *;:: 
, veloclty througt )~~re l l~(br~dge  ~penlpg will tend t(, b0 large, a d  the CO4JPdr 

tence d the flow yUl, bo qulfl~/ent to mwo the alluvlol baunda~y material. 
Aeeumlnq euqh incrreaead ~ompetqnee, qcwr r l l t  occw. A0 the opening under 
the brldge (6 enlarged, the flw thpugh the opsntw wlll tend to lacye~e;  a8 
the flow Increaree, tho dllferpnce In thn'rafer-surface elentiom on the Wo 
sldes d the embytkment wlll t e d  to deore,ase, The yeloclty of flow thr~ueh 
the openlng, therelore,, tends ta docrewe a8 !he ecwr' hole enlarges. The , 

shear. forcer o@ the boundary qjll Jrq pecrepse-both be~auee the velocity 
decreares nndbecause the flaw rg6t)op $ncreuer. The llmtt of tbe scour wlll 

' 

be reached oeymptdlcally with tlmp pa ,ti!e,.boundat j ahear de~reaser to a , . . , 
value that wlll no longer poye the baunf,#~~p p(rtqr!a!, mua, tqo problem dl . 
the ecour! at a rellel brldge l a  a care ol c l r p ~ - ~ q t ~ r ' e c ~ u r  in which the , 
crlterlon fdr tho llmlt 18 fhe crltIcrJ tractlp forcet Mb ~ I I  which the velwlty , 
d flow and the mediment @LEI),. 4 well pa th(( geoq~ptrp,,wlll play tmportmt, * . r ,  r r  I and slmllor, rolea,a , . . , . . I  . ., 

, Certain aspect' of rqowr, at tho *en  pnd ~ t ~ ~ i # @  & tbe wain churn~l, . . - bddge can be conetderatl aa yarlanb of thr rpllaf bridge problpm. II an abut- . 
ment Ir oet back ro lar from thq bank d the stream that there Is no redlmant - ' auppllod to the r c m  hola, the rltuatlon tm eerentlally that d p rellel bridge. 
U rip-rapt8 placed on ar blow the bed d p stream around e. @or or abutment ,, 
to limlt the, d9pLhe.# r a w ,  the redlqrnt eupplicld tp the ac& hole wlll be + ' 
much flner than 91 rip-tap matter131 ud the problef ia that ,# ~lear-water ' - -  . . .., .. : . '. ' ' i. , .COUC* , ~ o t a $ b u . - ~ ~ ' # t i r  mibolr @&od for *@, ip lhtr pa& w e  def~ned 
where U~ey flretr ~ p w r  and arq arrlurqed Jphabetlca!lg In tho Appendp. : 

. \ i I . t 

a a ~ b e m ~ o &  & b $turn d LQUC C, M.*L.WIOD, t o a d  6th Hy- . ' 

timulioa Cant., 8.w pntv. 01 1.h Iwtq L .nm..pulc*ln N o M t y ,  'awy , 
1953. . !- 

' I 

Long C o ~ t r ~ c ~ a t s . - ~ e r h a ~  the elanpieat geometry ln respect to #cow i& ' ' ' 

the long contractton, because the charactertstics of thg flow and the compe- 
tence aid capictty for redlment movement can, be deecribed with at lewt a 
modeet measure d confidence and agreement, Thla L eepeclally true If tho 
nonuniform flow d the trawltion from one wldth to the other lq Ignored, and ' . It 11 aesumed that there are no dunes or rlppler on the bed, With relerencr 
to the deflnltlon rketch, Fig. 1, the flow apprwcher the contractlc)n wttb a 

1 

no. 1,-DEPIN~TION erma POT! m a  CO~~TRAOTION . . 

deptb yl (md a wtdb 811 in thi contraction, the deptb la ya and the wldth la ' 
81. The same dimcharge tm characterletla d both the contracted ud unw- 
tractad ~opchsr; therefore, 

I 

Amaumtng that the dlfierencar tnrlopee In the two reachrs can be neglected, 
b@ that there {r 8 loem RL, through tbe'trureitlon, the depth d ~ w u r  l8 

I .  . . 
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I In which 

In the contracted nocb when the rcour bu dwelogbd lully, t h ~   bod^ 
rhear will be the critical tractive force given ap~!roxtmately a8 

Inrhlch D 1' the mea~dimeter d the rodiment, (n lee& factor d 4 l(ve8 
fair agreement with both C. A& Whttd ud A. 1(hield@4 20r rlllca ra1d8 a d  
fully turbulent flaw at the ped level. 

In the amcontracted reach, the boundary rhear a n  be #vduatid bY mean8 
d the M ~ n n i n g  wuaUon and Btrlckler'8 relation lor n a8 a function ab the 

Inwhlch the prime uaqd to rignlfy the #hear of tnterert (that waociat@d wttb 
the mdlment p.rticlo, pthar than that a8~oeiat.d qlth the total rriotnnce to . . 
flow). 

The ratlo d the ahear, or tractin lorce, b the two reacher 18 then 
' - ,, a 

t 

8 *E lUhrlum d ~rptm-oa 'd &reamem by 0, M, W b l @ e  P r o o e e d i q ,  R-1 
goo. of %don, Berlee A, Vol. 174, 1040, pp. 332-834. . . 

4 #brwenduqg der AebD110bLslthmwWk und der  TurkJea~-foreobual  8d dl0 
~ e ~ h l e b e b e w e g u n g . ~  by A. Bhleldr, Mlttelluagender Preurr,  Verswhaar t .  fur  WaO@err 
bnu uad &hlffbh.;-bdln, Heft 26, 1936.. 

An expre6eion far the depth ratio 9 ? /yl o m  be OWnd becaw the #bur  ' I 
. 1n the contractton can also be evalua d in Be mane manner am the   hew in ; 
the approach. The a t l o  d the eheu b the two reaches * ! I ;  

j ,  , 

Combining thia mproerton with the equation d continuity, Eq. I, in order to 
I eliminate the vdoclty ratlo rerultr, In 

, 
s I 

~ h .  a t p r ~ l o l ~  . t~ . the d~ptb  d scour, rn 4, can .DI written ma i 
I 
I 

If the dUferenae in  the v@l.lodty head6 and the 1oer through the trniultioa .*. 
' 

neglected, the expreoelon lor the depth d ocour ir  greatly @implUld i 

I I 

. . - .  , 
or, mwng w e  d $qr. 1 ud I, 

. . .  ' 



Tbe dlmemlonlean acmr lp a 1wtg contracttOli (pegle~tlng tlnetlc term#) 
I8 ahownla Flg, I aa a ~ingle-vdwd hnctlon d either ofsthe two forms of the 
coaUnd parametera llnklq the pometr)l, the flow, yd the redlment (Bq.. 
1 1 .  TO clarify. #o relaUon.ehk holeye;, it (. l~truct1ve to plot a 
family of curves M In Fig, 3 80 that the separate effecta of tho shear ratio and 
the wldth ratio can @ obuwed, For value8 of the $hem ratio l u r  than rmity,- 
there 18 @om0 ratlo d the y1dtha greater #an unity blow whlch there la no . 
soour. Below thla mlpllpug ratio al the wid* f a s s ~ ~ l a t &  with a &tven ahear 
ratlo), the boundary ehur  wquld be lea# than the crltlcal tractive force a d  
themwouldbe nomovemenl d the bed material. On the other had, for values 
d the'ohear ratio greater I a n  unity, 8cour L. 1Fdlcat.d for a wldth rat10 of 
untty (no contractlon), The only. way In whlch It r d d  be poulble to have 
much a ohear ratio and no supply ,vo@d be for thp nediment movement In the 
appruach to b. lnhlblted 4 a vaetal or clay cwer. Then, U the lnblbltlng 
cover ir removed In the 'contractl~n,~ there would br movement d the r d i -  
mmt until the llpllt aI qpour 18 obtalnod, . 

me. daahmi curve tn  PI^, 3 $8 the roluttan icy tdi qcoir along cmtrac- 
tlm for rediment-transportln flow where the shew ratlo I8 comlderab1y.i- 
greater than unity, but when the mod. d movement ir  d l 1  bed load. The 
amlyal8 lmdlng to thl8 curve w u  almlla? to the preeent analY8b6 It la 
lntereetlng to mte that the cwve for, rdtmont-tmrportla flow 1108 well 
below Ute curve for the tbrerhold d pavement, or 8 ahow ratlo ot ~ l t y ,  - - . . A nominal veloclty ln the contractlon 

0 

may be Inferred (rom Eq, 14 an I)D lndlcahlm d tho m n ( l l a  vr10clQ tor' 
which there qlll PI, no rcwr  , ' ' 

\ f  lo,^ 7i1b. • , * a :e 9 e * 0 (181 
, I ! '  . , . I a ' -  i I .  ' 

For a dqpth d 6 ft 4 r 8.dlpod 8(u of O.l6,mw, tho prm18qlbl. nlwlQ7 - 
would be only 1.S fpl.  For a velocity d 10 fpr and a depth of6 It, 4-tn. rip- 
rap would be needed. For rlightly hlgher velocithr b the long contractlon 
than this nonalqal valve, the scour might be 80 slow an not to be noticed; but 
for 8 relief bridge yheh.n there would be nonuniform flow, the prmieelble 
velocity rhould probbly lower or th'. roqulelte rlp-rap elae larger. 

The effect d the difference 1nvQoclty heads and the lose through the trasst- 
tlon on the clear-water scour in a long contraction b prieeqted irPlg, 4. A 
value of yl/b - lm w u  ae1ect.a u being probably ae .mall u would be en- 
countered wen ln madel rtudlee. Thlr value cqrrerpondr to a depth of apprbnch 
flaofappr~lmately 0.5 ft andaprtlcle dlameter d 1.6 mm. Laager values 
d yl/D wlll hare rr.n less effect, a8 18 readily apparent from @. 12. For 
the lose term, a value of K - 1 Waw ~ s a u m d  The abaolute value cd the added 
rcour because of the klnetlc term6 la approximatdy the name for both the 

f 

6 at Brldgo C~wrhp,8 by E. M.. fruiqen, Tnnraotlonr, MOO, Vol. 111, 
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ma. 8.-EOPEOTOFBHEAR RATIO AND WIDTH RAT10 ON BCOUB 
lN A LONO CONTRACTION 
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lr apprar$mately Ma&$ 0.18: The ;slrtfke &cream lor tho shear ratlo of 
unity le, at the moat, q few percent; the much emaller gcour depths pes~clated 
wlth the rhear ratio 1/81 result $n an tncrease ot 13% at a wldth ratio ol20  
and quite large. percentage increaeer at rmdlgr wldth ratios. However, ap 
appreciable percentage increme can only be expected at smdl rcaur depths, 
and the effect would be less lor larger yL/D-valuea. The error involved in 
neglecting the ktnetlo terms tr probably no greater than thoeo that result 
from the appraplmatlona d the particle rhea? ud the critlcal rhear, or thoee 
that could be expected b eetlmatbg the flow c ~ t t l o n a  (depth anl dbchrrrge) 
d a future flood in tho tleld. 

Abutment and Pier.-The rolutlaa lor tho 1- contrr)ctlm renor  only u 
a mlnlmum eetlmate d the acour to be expected at a rdlet brldge,. However, 

- . . * .  

FlO. 4.-EFFECT OF lDNDTld TERM8 ON 8009 IN A 
s WNCl CqNTRACTlON 

8 ,  : i 
I 

If the ram0 l uw~ l&  can ba made ;mcornlng tha u t u n  d the flow 11 the 
clear-water caee ae in the caee with sediment supply by the efream, the . 
rolutlon tar the long ~ontractlon can be adapted to the c u e  d the abutment 
(and the caee o! the pier). The key obrervationr la the came d eediment- 
lraneporting flow were that the flow approachlng the obetructlon dived beneath 
the surface and paqaed through the copetrlctlon In a somewhat dtgtorted conical 
scour hole centered at the upetr;earn corner d the abutment, and that the flow 
appronchirrg the clear openlng wae llttle dleturbed. Ae a reeult, the acaur 
holes at oppoalte abutmente develop independently and do not effect one mothe? 
untll they are eolarge a@ to overlap physically. U the scour holer do not over- 

lap, the flaw in the tone between them ie not affected noticeably by the conatric- ' 
tion.'. (fnoide~tally, theee obaervatlona imply that. the backwater, or loee, 
caueed by the cmetrictlon will bq emall I f  ecour holes develop.) Obviously, 
theee are bold aeeumptions In the caee ot lhe relief bridge where the bulk of 
flow Ir approachlng the embankment8 and only a emall fraction ie approaching 
theclear opening, It is a coneemative view, however, for it not eatlefied, the 
rcour should be larger In lateral extent but would probably be of leer depth 
than indicated by the eolution adapted from the long cantractlon. 

Therchematicmodelfor the caaa d the abutment and pier lo rhowa'ln F4, 
IJ. For the abutmant model, the rldtb d the contraction la taken am 0.78 ds, 

I 
I 

1 .  

NO. &-DEFINITION BltETOH FOR PIER AND ABUTMENT - 

the width 01 the approach flow as 1 t 1.76 d,, the depth d agproach flawls 
cdled yo to dietinguieh theee caeee from the long contraction, and dB 16 do- 
flned, ar the depth of scour at the abutment (or pier) wlth the depth of ecour 
In the imaginary long contraction being a traction dB/r of the ecour atthe 
abutment. The nomlnal length d the embankment le the width requlred lor the 

, flow approachlng the embankment at the nominal~velocity and depth d flaw on 
the floodplain. The only dlffereice lor the pier model le that the hall-wldth 
d the pler bP la eubetltuted tor tho length d the embankment. 



or, neglecting the ~lnet to  teme pnd rearranging tho muatton, . . 

e 9'.(1?) 
. . r at- 

. . , : l : ; ! ? , . .  1 

h term8 d plek ieom@try, lha half-kldth b i b  bpbstituted for 1 ln'bp. 11. 
Eq. 18, neglectlnq the klnetlc terms, Is prerantrd graphicllly 1a a g o  8 lor 

the c u e  ol the abutment, @ la  Flg. 7 for the case ol the pler. The factqr 
r hor been aseumd aq 13 ln accord wtth upedencp #or 8lmilap situations 
tn eedlmsnt-transporttng : goy. m e  ' comparable solution8 for ~ d l m e n t -  
transporting flaw (bed loqd mavement) are ahown 10 each figure, and It 18 
lntereetlng ta note that agqtn.\he'ecour ytth sediment B ~ P P ~ Y  16 !hv fol! 
the condltlon d 1ncipie~t.epdlsent movement in the approach. . 8 

Further inellht into the rd@tlpnahlpa la p r M d  by uuml&f~ the llm1t8~'' 
M da/yo becmes ie,ry .mall or very l eqe ,  U d&o 1. y~ am+l,dsho 

L "  r i ,  us,rU 
I BRIDGE SCOUR HYS ' * .. 

1 or, far the pier, w 

It 1s lnteresttmg to pote that, at thla llmtt (when ds/yo I8 amall), the value of 
I 

' . rdluppear8. the scour at the abutment or pler varlea llnearly ylth the lqrylth 
of the embankment or the wldth of the pler, and the depth of fln la a factor 

I 

only la' It8 . influence on the particle ahear T Thi$ llmlt mlght not Com- 
i .  , . I 0 *$ 



plotdl real, becauw U the r c a v  b 'rrnrll tbr, flow pattern may not k that 
vlruallted but Instea4 that d a twodlmgnrlonrl rlot orlftce. Nqverthslega, 
Eqr. 20 and a1 ltluetrate a tendency to be corn red to the other Hmlt. 

A. the scour becomer v e r ~  large, (drlryg P" + 1 mdr/ryo md the relation- 
rhlp at thlr llrnit 10 appraolmated, for the abutment, by I 

. . 

or, for the pier, by 
, 

. !  

I /' 

PIQ, 7 . 4 ~ ~ & - ~ ~ ~ ~ ~  &OUR AT A PIER 

Because thedepthdecour Ir Indebendent of the factox@ r at one llmit and varlee 
with the 7/13 power of r at the other llmit, Lt 18 apparent that the depth al scour 
leeurprlelngly lneeneitl~etothe ttod the depth d ecour at pier or abutment ' 

tothedepthof ecau~  In the 10110 d l  Imaginary long contraction. To illustrate I b 
v 

F~Q.'o.-PO~SIBLE ~ N T E R ~ E R E N C ~ ' ~ F F E O T  08 S O U R  
A T  AN ABUTMENT t 



further the r l a t l ~ ;  uuhpo&&c~ d tbo t&e 
the depth of r c w  at UIr abutment for o 
24, 11, and 6. In the range d greatest interest! dB&) < 10, the effect d the 
probable v~rlatlon ot t lo remprkably small. . . 

For large valuee af clew openlnp, lt 16 pae8lble that the eari6lOned flOW 
pattern could exlet a@ the analytic solution b at least qtlnlltatttely correct. 
U the clear opening 1s pot large, however, the ecour holes at the two oppoette 
abutment8 may ove~lap. .The flow patterp pllght be qutte different; at the 
leaet, the flow would be confined ktsrally. Borrmtbg agstn from experience 
with redlment-transportln flow, the pcour depth wttb mrujlmum lnterlerence 
Ir that d the long cqntractiop, Some lnt)rference would be expected Uthe . 
c l eu  openlag were lera tkan 6.6 dB. A comparlro~ 01 r f w r  at an abutment 
and rcour In 8 long contractton 16 shown In Flg. 9 tor a rheor ratlo d 1/4. 
The dashed transltlon currrer are 8 beat gwer baaed on rlmilar curver found 
axperimentally for the cme pl multlple oylladerrl lp redlment-tranrportlw~ 
flow.4 - ' , . . .  .* I '. . 

I 

I +. y ' 
! 

ACWB i n s r  or C L E A R - W A T ~  scorn . . 
In therqim d mode& 1h0-valuer, t r a  1 to 10, t< molutlon for clear- 

rater ecowr at an abutment, Eg, 10, can k apprgclmatad bp 

, .,ah 

I . . I  '1 

1n W ~ M  rt  '14 or ip~dwy,  ahmu. (2 r j) a the t&ut d e ~  ot rcour dt 
tear thrn the llmlllnp depth b wour d;. 

6 "Soour Around Brldge Plgrs rod Abubasntr,' by E. LC. IrrurreII rad A. Tooh 10- 
Itlghvey Reeearob 

I ) . I ) ,  I . I . 1 1  4 .  

% 

In whlch thtr n*e 7 lho h a  been 8~lected u king rrpre8entatln d d u e 8  . 
that could be expected in laboratory ~perlmentrl. A rtplllar analyrlr, tor 
larger l&olvaluer thatwould k more reprerentatlve of fleld conlltlonr, could 
be carrled out at much tlmp qo lt mlght appear to k warranted. ' 

At the llmlt, the ahear on the boundary d tho rcour hole wlll be s q d  tQ 
thacrltlcal tractlve force. In the active phme when the depth b leer than tho . . 
Hmlt, the ahear m tha boundary Ir groater than the Crltlcal and 18, therefore, 
able to traneport materlol out of the ecour hole. Aosumlng that the geometry 
during the ectlva phaae l m  olmllar to the geometry at the Ilmlt, the depth d , 

. n~ ntiq ot t ~ q  WVI tmctlve torci (or b ~ ~ d a r y  c~eac)  to the etlt ic~l , '. 
t r rct tv~ force or a tunctlon d the ratlo d La-llmlttng depth d rcaur the , 
tranrl?at deptb d scour lr then rlmply I 

. 

I I 

- ~l the rcoar hole 1, nrsumed to a 8 cone with twr radlua a.76 dt hqtght , 
dt, thevdu90 of the.8cour hole canbe approximated a8 Y - 8 dt* a d  the :@to d . 
tr~nsport oat ql tho mcpr hole Ir 

rcour at any g l~en  tlmr ln the llmltlng depth of rcour tor rome coarrer redl- ", 
meat for whlch the prevalllng boundary rhear 11 equal to the crltlcal rhear . 
for that cooreer radlment; therefore, the followlnq may be wrltten: I 

In whlch Qr la a bulk volume rate d redlment transport. 
An qpree4\onfor the redlmdnt traneportlng capacity d the flaw In h e  r- 

bolo l r  needed, ud tho following extreme rimpllflcatlon ot a relattonahlp for 
tb. bad load pr0po.d by tho writer 18 convenient for W plrpo74 . 

h vhlcb Ir the redlment load, In percent by weight. 
. Aneumlng that tbe dlecharge Involved \a the flow obtructed by the embank- 
ments, that Q - VO yo, that the materlal In bulk welghs 100 Ib per cu tt, Md 
Ulat yo Eiq. 28 tr the depth d the approach flaw, and uelmg the mlnutr In- 
rteM d the reconb.rr the unlt d tlmr for the rate d ' t rmport ,  then . 

tn whlch Q. 10 the capectty d the flow in the rcour hole tor trane&rt o# ot 
thg rcour hole, In cublc feet psr mlnute ot bulk volume of rmllment. 

Ktquatlng the two 'expreerlono tor Qsr rubatttutlng for the tracthe torce 
, ratlo Its evaluation a6 a functlon d the fractlon d the Hmltlng scow, Eqe 20, ' 

and wlng the approximate expreeslon lor the limltlng rcour, Eq. 24, 8 dUter- 
sntlpl . , equatlon tor the rate d ecour Ir f o r ~ e d  

. - 
T .The' ~oiai&rdlmer;i~auf ot ~troamp,. by E. 16. Lauresn. Journal ol  tbe Hydnu- 

llor DIvlrlon, A80F, Vol. 84, No. HY2, Proo. Paper 1S9Oe Febniary, 1868. $ 
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COMPARISON OF AN&Y8I8 AND MPERIMEWT 

I 

. . I '  Inorder totget the abllity d the tentative relatlonshipe to predict the depth 

FIG. 11.-AaTlVE PHABE PP ~ L B A R - W A T ~  WOUR (WMRITHUUO d ecour, It baa been necessary to use the publi~shed measurement6 d others. 
TIME BC4LE) Laboratory experlmente on a model pier of the Hardlnge Bridge performed at 

u 4 t i  C '  * a* 6 
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FIO.lO.--AOTXV~ PHASE OPOLEAR-WATEII WOUR (ARlTiWETlO TWFBOALE) t . *i* 9 . . a . (31) 
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In whlch tlfi U tho tlme required to reaah 0.6 dl. 
j . The re1atlonehlp.that hae been obtained for the actlve clear-water rcour 

would Indicate that, 4 half the llmltlng depth of scour were reached In 1 hr, 
I tn 1 mlnthe depth of ecour would be 0.31 ds (as  fast or  laster than flow could 

. . bs established In a laboratory flume), In 8 hr the depth of scour would still - 04 - 
only be 0.73 dB, and to reach 0.96 ds would take ?2 hr. Some of the difficulty ' 

, d experlmentd meaeurementr ehould be readlly apparent. 

. . The depth-time relationehip of Flg. 10 is qualltatlvely of the correct nature, 
glvlng a rapld rate d rcour In the beglnnlng and a slow rate d rcour at the 

. , end. However, the aesumptlons that were requlred to obtain the relatlonshlp 4 n i e e  r qurction ae to how much rellance can k ylven to any number8 that . 
-might be obtalned from It. The least d thee. uaumptlons are (1) the slml- ;I hrl ty d r c w  haler during the 8cttve pha8e of Bcour, (1) the volume d tbe 
rcour hole, pnd (3) the approximation lor the limlting depth d rcwr; more 
Importmt I8 the oeeumptlon ragardlng (4) the tractlve force ln the rcaur 
hole, and (6) the capaatty d the flow for transport oqt of the , scow hole. 

\ 

i 

- 
a 

8 . I  + ' t '. . 
dt . 

x * -. ..**.**.**,**..I...,(S~) 
d a .  , I  

( .  
a . . 

IUKI the factor g h a  been tluerted ubttrarlly to obtain dlmemio*l hami- 
genetty (the argument could be wed that the e h p ~ r  I s  evalwtd from tho. 
Manning aquatlon whlch lacks g) . 

Numerical Integration d Eq. SO reeulte In a relatlonehlp betyeen the depth 
dscourand tlme,whlch Is presented graphically In Fig. 10 with q arithmetic 
time scale, a d  in Fig. 11 with a logarlthmic tlme ecale, Uee d the arlthmetlc . 
time ecale emphoelrgs how rapidly the scour proceeds Initially and how slowly . 
It approachee the ultimate limlt. Uee d the logarlthmic time ecde llluetrater 
the reaeon why a IlmUed regment d the total curye, such ae: la likely tobe 
obtained from experimental data, might . _ appear to plot aa c etraight llne on 
reml-log paper. ' .  ...q ' 

Note Wt tn both FIgr. 10 and 11 the b i t  $ tjme 1. the t lpe  requlral to 
' 

reach one-half d the limltlng rcour depth - ' ,  



th.C.nttal Water ord ~dier.It@prorcb ~tat lak;  Pmna, lndla,@ on the ~Irbular 
q l l n d e n  performed. ftt ,tho, I,aboratorle Natiopnl D'Hydraullqu~, Chatou, . 
~ronce,@ a d  on abutment. parformed at  the tiydrrulig Laboratory of Colorado 
State University (c~u) 10 have been wed. 

~h model pier of the Poem eacprimamta raa0.9lb ft low, 0.67 tt w l d i  
ud had seml-clrcular-qut ud ease water.. The flume WM 8'ft wide and the 
dlrchargo waa 8 ale for 311 mu; four sandr woro used wit4 mean dlameterr 
d 0.16 Epm, $54 mm, 0.68 . . mm, and 1.51 my,.-PLvo . or . r &  (Ilfferqnt depth8 

..\, k. .. I . ! * .  ... ',. p. ,;.:, ,:.. 

dflowworilued r l #  epch~.rd: Tho tdlowlng deaulptlon of Be exprltpnU 
: . i t  : . taken from 8.' V, chlt.le:B: ' 

- ..In !" '"' . i ', .'. 
1 - . . . . i  1. .:I , , : I .  :. - . * .  

. 
. ' . I  . .  I' ' :, 

.me d t h ~  SIW. tn ibue expr~moata  war laid w i t h a d  O( 0.81 
' 

.. mm whllo the following -materlalr were wed luet around the-pler ln! I 

auccemaion. .,(Table &-#and@ tollowe). Tho sMd round .tho plerr War, * 
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perftram &n ~IX! the ya@r led djusted to get a particular depth, the 
depthsvarytnglrom 0.5 fo 1.48 ft. lgach d.per'iment wao continued untq. 
the final maqimum rcoui WM obtained round the pler. In a few taetr in 
which the vpetream deptb waa less than atable depth the'upetream bed 
rcourod ~ n d  blanketed the rcour plt around the ptar, In ruch caner, the . * 
maxlmum depth d h o u r  at the noee war mearured jurt bafore depos- , , 
Ltlon In the gcour hole of rand from upatraom'occurred, In Qe 6xpsrl- 
mento when 'rand round the pier war c a r e e r  than the bed mateold up- 
atream, the bed around the pier was laid'hlghsr than upetroaar leve? to 
eat rcour round the pier @ the upetrepm depq lalrt* ' 

1 
I1 18 aIway8 dUflcult tq lntttrpret anotherD@ &perbent8 adequately, b d  It 

b clear that rome ol tM.nurr were lpith c l e u  water and otherr rerelntlre 
range d at least l l h t  aedlmept mpverent, The measwemento qre plotted la 
Fig. l a  ardepthofscou~ against dep(h of flow with curve8 predlcteul by Eq. 10 .. . . . . '  * .  . 

I 

I . '  J - ' IIO. l4,-C8U DATA !FOR MAXIMUM 6-HR WOUB.'AT" 
VERTICAL WALL ABUTMENT? I 

i 
I 

' I  

and the curve far r&l~ent-t'rairrportlns flow. The qxreement,t#Ween the 
predlcttxl measured .depth. 'of roour, 1p.cl8lly for the two llner 8 d e .  
reem8 na$onablp ratlsfactory. It U lnterrt lry to r&e.thlt u the depth d 
flm 10 reduced, thq depth d rcour Increaser, until condttlonr d.rupply are 
reached and then the daptl! -of scour deareasea with ) lurther decremp In the 

ma. l6.-OSU DATA WR MOVEMENT M PREPORMED 
8 C 0 U R HOLES, VERTIOAL-WALL ABUT- 
MENTS . 

velocity of flow.. 
~h~ rcour (0; t condltlm#-of the Chatou experimeda 18 le8e 

h n  the meamured. ~ o w a v y ~ h e  pattern o( l u l a t t n  with veloc1tY of flow , i I I ma. 16.-G8U DATA FOR MOVEMENT IN PREFORMED 

. .  SCOUR HIOLEB, SPILL-THROUGH ABUTMENTS 



.nd w l t h d l ~ r t e r  nlinad'r 1, ~ncwrutnr; .~ t~ tq ih  the $vldenca a n r l a -  , 
tlon wlth depth d flqw la not mufitclent to draw any conclasionr. Eepedolly 

' 

gratifying 14 the deal on st rat lo^^ d the duierence between clear-water scour 
and scour wlth ~edlment supply, 

~jecauee nelther depth, veloeltg, nor dlrcharge r e r p  kept constmt 10r'a 
arrlea ln the CqloradoState Unlvsrsltg ~perlmente,  weir . d-~ta have b e v  pr* 

' 

.. . .' . . '  

I 

PlQ. 17.?OBU DATA FOB MOVEMENT IN PREFORMED 
SCOUR HOLEB, IIPILFTHROUQH ABUTMENTS 

, . 
I I . 

aentd In dlmenrlonlera form Gott~ng d;ho aualn;t I & ~ ' W I ~  the polatalum- 
berr to the peareet tenth value d the calculated ehear ratio. In Flg. 14, the 
maxlmum acwr  In a 6-hr pefiiod lor a vertical-wall abutment In a 4-[t flume 
laahown. Beyond the fact that the predlcted scour te leer thnn the measured, 
little can be concluded from lg. 14. Fig. 14 Ir Included prlmarlly becawe 
one d the rune In thl. aerlq). (rj e used to tort the time relqtlonehlp for acthe. , 

. I ; . * e .  . . . 
\ 

scour, but also to oerve a# a check on the other data that were obtatnsp i~ r 
dUi erent manner. . 

Forthe data preeented tn Flge, 18 through 18; a BCOUF hole war p r i f ~ m ~ d : '  
and tho depth and diechargo varled *until noticeable ecourtng (movement) at 
h e  bed material was observed In preehaped ecpur hole,. A vertical-walled 
abutment In a I-ft flume wan wed ih the p n e  d Fig. lq a wing-wall abut- , . ment In p 4-lt and an 8-it flume In the rune of Fig. 18; and a eplll-through. 
abutment In a .4-it and pn 8-it flume In the rune d Fig. 17. In the run8 with 
the 4-ft flume, theupetream bed was covered lor the higher veloclttea In order 
toprevent movement Into the ucour hole. For the rune ol Fig. 18, a verttcal- I 

wall abutment wae placed on a 6-11 wlde floodplain wtth a 2 4  rlver channel 
0.6 .It, deeper on Uls oppoeltr rlde of the flume, The veloclty on the flood. 

9 '  : I no. i0.-06U DATA ?OR MOVEMENT IN PREI~RMED. , .. , , 
. ' .  . SOuR HOLE AT BETIBAG! APYMENTZJ , 

* . I .  . . . , 
plain WM eetlpated 9 ueumln@ that the velocitiee on the floodplalp and IN 
the rlver chqnnel were proportional to tho ?/3 power d the depth6 d flaw. 

Deepitethescatter a* a ehlit wtth the geometry of the abutment, the corn- 
parleon between analyele and experjment la promfelng. The relattvp ecour 
depth lncreaeee with the length of the embankment and wlth'the ehear ratio In . 

accord wlth the analyele. The predicted depth Is qulte eatisfactory lor the . 
wing-wall abutment, too emall fop the vertical-wall abutment, and too large 
tor .the eplll-through abutment. Ae the ehUt la In harmony wlth the 'stream- 
Hnlngm d the abutment, It mlght have been expected. 

Jh Fig, 10, the time hletory of CSU run 72 le compared to the predlcted 
behavlor ot the actlve phaee of scour. The eolid curve la baaed on the rela- 
tlonehtpol Flg. 11 and Eq. 32, The tlme values are rspeonable, but the llmltlng 

I 



rcour Is only apprwbatdf lu1t d thpt mea8ured The dmhd ouwe repre- 
sento a modlllcatlon d the previoue analyds In whlch the coefficient d 0.8 In 
Ep. 24 1. bubledi the limit of rcwr  1s more teall8tic, but the tlme to reacb 
any given dupth 1s fippr&mately ball d that meruured, That a crdlble pre- . . I . .  t 

dtctlon d the time history d rcour la p u i b l e  (glven better u r u m p t l y )  
would reem to be a reasonable hope. 

, 
CONCLUSIONS 

A truly rlgoroua an@y@ir d b e  clear-rater rcour p ~ b l e m  demand6 L, 
Jetatled description d the flow pattern, eapeciolly the fluld forcer on the 
boundary, in the complex geometries that will be obtained, Pn'd a knowledge d 
the resietance tomovement, pnd $ the rate of transport, pf the mate~lol cam- 
poelw the bouncfw Ipq the prevalllng condlt1,ons. 

For thecaee d the Ilprltlng scour in a long contractlon, there Wa require- 
ments can be retuonably satletled, aaid the relationehlpa obtained through the 
analyelr should be sound. Any @her expresslons(hot might be wed to evaluate 
the boundary shear and the fritlcd tracthe force should feeult in r om parable 
relatlonahipr. U oelectlve 'rortlnp occurs durlng the scovrlng process, a 
dllemma arlees because the materlal origtnally in place k not the paterlol 
Hmlly compoelng the boundary. Thlr In not a dlfflculty In regard to the rda-  
tlonehip 1 ~ r  the l l m l t l ~  scour depth, but it 1@ In the selection d the sediment 
dze  that wlll govern, pr 'In eolving tor the tlme history of scour. 

For the caee d the limiting scour around a pier or abutment, the three- 
dimensional nonvalforra flow pattern cannot be descrlbed In detall wlth 4 

, confldence. The aasumptlo~ made to by-pus thls lack d knowldge are 
plauelble, but need )nveetlgatl~ to be made more credlble uld to be refined 
to take Into account the geem y d the obetructlon. Neverthelees, the corn- u * t i  

parlson between analyeie and measurement yould indlcate that the approach 
4 . has merlt, 

The relationehlp obtalned for the time hlatory d clear-water scour at an 
abutment should not be considered mu* more than speculation, Although r 
number d the asaumptlons leadlng to thie, and the other tentative relationohips 
may bequestlonable, the analyses shwld ueeful In plonalng further lavetttl- 

. gatlone of clear-water rcour problems. I 
I 

! 

The following rymbole have been Mopted for q e  In this paper8 8 

B #Id& d flow section, in feet (subecrlpls t arhd 2 refer to wrcorrtrr)ctod 
and contracted wldthr, respectively) ; 

I 

b = width d pler, In 1081; ! - 
c concentratton d sedfment, percent by weight; 

D mean dlameter d sedlmmt, In feet; ' 

d, lbltlng depth of scour h contractlon or at pler or abutment, in feoQ 
I dt * depth d scour at ttme t durlng actlve phme d mwr, In feet; 

! ! , 
F Roude oumbsr (~m: 1 .  
g gravltatlonal accderatton, in feet per second sqwad; 1 

b 

q - head l o u  at contraction, (I bey  

1 length d embankment, In feet; i 
a - B&nntng coefflclent: 

Q r water dlrcharge, in cubic feet per qecoad; I .  
Qr - Udlment load, tn cablc feet minute; 

r - ratloofdeptbd acouratpier or abutment lo depth of rcwr  In ,yplvalent 
long contracttop; 

I 

- t time, ln mlnuter, (rubacrlpt 1h referr to t h e  r~qlrlred to attaln me- 
half the limlting depth d rcour); . 

V veloclty offlow, in feet per second (su);ecrtptr 1 and 3 refer to telodty 
In uncontracted and contracted wldthe, reepectively) ; 

Vn r non~lnal veloclty In contractlon (ghlBa); 



. y ... r d e p t ~ d  npw; tp toot t rnprtptm 1 . ~  ) to do+ 10 acbatrpcted 
and contracted wtdYa, reepectl?sly,,~ 8ubecrlpt 0 te~era @ depth of . . .  

. . . .  . approavh to pler or pbutme~t); :, :, -,.. , .< 
I .re- = crltlcd trnctlv? force, 11 pound. # p u n  foot; . 

. 
t . ; . !  

, ;* . t .  s . . . . . . . . .  
i 

~ r = boundary mhsu la maour hole at Mma t dutlng actlvo QWI d rqw, Ilr 
. . . . . .  p w i a  per tqyre to&; m m ~  

I 
r,, t n t e ~ ~ t y  a eheu et boundpry wp~tatett W ~ U I  aqiimmt parttc~em, ID 

pounds per eqvara foot. 
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ISTRACT: Bared on the pmporitloo tbat the llmlt of olear-water roour I r  a bouadary 
ear equal to tbr orltloal traotlve tome, raalytloal relatlonshlps are  obtained lor tbr 
pur 111 a long oontraotlon, at m abutment, md around a pler. The pier and abutment 
lutlo~lr make ure of the arrumptlon that tbe !low beyond the roour hole our be lpoted 
d that the depth of aoour at the pler o r  abutment Is a mulUple r of tbe raour lo the 
ulvalent long amtraotlon. An arpreerlaa lor tbs rotlve phase of mour I r  obtained 
krg a almplllled tranrport equation. Comparison of p d o t l o n r  with moaruremenk 
,m reverrl laboratorler lr reaedn8bly rrtlslaotory, 

FERENCE: 'Analyrts of Relief Bridge t3q0ur,~ by Emmett M. burren,  Journal of 
Hydrauliar Dlvlrlon, AWE. Vol. 89, No. HYS, Proo. Paper S610, Hay, 1- 

-110. . 
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V mean velocity, q/yo, fps 

w fall velocity 01 sediment particle, b e  

y elevauon above stream bed, ft 

yo depth of flow, R 

I 
I 

b 

! 

I Journal of the I 
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I 
! 8 ,  

~roreedingk of the American Society of Civil Engineers , . . 
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measured exponent for concentratlon dlstrlbuuon I 

theoretical exponent for concentration distribution 
J 

coefficient of proportionality between t ,, and , j : 
. * 

specific weight of water, lb/ft3 . I 

Emmett M. humen,' A.M. ASCE I i J  
(Proc. Paper 1530) ' \ : :  

I f  

> 

thickness of laminar sub-layer, R , , 

miatng coefficient for momentum . 
;, 

mixlng coelfic1ent for sediment . 
' . 

coefficient in logarithmic veloclty distrlbUUon . ABSTRACT 

I 

. 

. .  

.. . .. 
! . : .  

U kinematic viscosity of water, ft2/eec Relatlonshipe are p~opoeed which give both the quantity and quality of the 
P density of water, y/g,  lb seca/ft4 total, suspended, and bed loads as functions of the stream and sedlment 

7 intensity of shear, 1b/1ta 
. characteristics.. In the process of empirically definlng the relationships, an 

enicouraglng correlation of laboratory and field data (including some originnl , 

TC crltical tractive force for beginning of sediment movement d * expedmenta) waa obtained. ' i 

7 0  boundary shear, or  tractive force, at atream bed, Yy@ v 

76 boundary shear associated w i U ~  eedIment partlclee 

Although a rigorous analysis of the general problem of sediment transpor- 
tation is not yet posdble, by means of a descripthe analysis the various 
factors involved have been isolated and the relationship8 among thein q u a -  i 
tatively indicated. Parameters linklng the hydraulic characteristics of the 
flow and the characterieUcs of the bed material were then formed through the 
use of appropriate approximattona. The relationahlps between these para- / 
meters, however, could only be delined empirically. 

The experimental data whlch were used fur this purpose Lcluded odglnal I 

experiments conducted at the Iowa Institute of Hydraulic Research and 
1 ,  published data from other sources. Empirical curves were drawn for the 

/ total, suspended, and bed loads, and a computation procedure devised to con- 
sider the non-unilormi~ of the bed material. The correlaUon of laboratory 
data which was finally achleved was goal considering tlte probable ermre of 
the meaeurements. The proposed relationehlpe were also used to predict the 

' hob: Dlauuion open until N y  1, 1968. A postponement of this cloeitq~ dab O.. be 
obtalned by wrlUng to Ule ASCE Manager of Technical Pulrllcatlone. Paper 1530 b 
part of the copyrighted Journal of the Hyclraullce Dlvlelon, Prweodlnge of the 
Amerloan 8oolety of Civll Englneere, Vol. 84, No. ftY 1, Fobruttry, 1968. 

1. A dissertation submilled in partial fulIlllment 01 the requirements for the 
degree of Doctor of PNloeophy in the Department of Mechanics and Hy- 
draulics of the State University of Iowa. 

2. Research Engr., Iowa Inst. of Hydr. Research, Iowa City, Iowa. 
! 
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which none of the particles making up this semi-fixed boundary will move. . 
eediment-transporting characteristlce of three natural streams with encourag- Usually this Hmitlog flow condltlon is characterized by a "crllical tractive 
Ing results. force,R 7,. 3 ( y y ~ ) ~  (see List of ~ ~ m b o l s ) ,  which, although real, is difficult 

to define except subjectively. 
If the tractive force on the boundary is  greater than'tho critical, some of'  : 

the particles on the surface will move; the number, the size, and the velocity . 
of the p articles I11 motion wlli then determine the rate of bed-load transpor- ! 

INTRODUCTION 

tation. The mode of movement will be rolling and sliding over other etation' 
ary particles, although, because the surface is  rough, the moving particles : 
could conceivably lose contact wlth the boundary briefly. Tile force exerted 
by the flow on the moving partlcles must be transmitted to the atatlonary 
partlcles forming the fixed boundary. Thle notion does not lgnore the aceeler- 
atlon and deceleration experienced by the particle, but recognizes that in a , 
statistical steady-state condition of bed-load transport the total tractive force 
of the flow must eventually be Lranamitted to the statlonary boundary. ! 

Many equation8 have been suggested for the prediction of the rate of bed-: 
load transportation as a function of the flow condlttons and the sedfment / 
properties. In several of the equatlons the total tractive force, To = YyoS, ' 
is the only flow characteristic considered; in almost all of the others either a 

the total tractlve force or  the elope ie included, together with either the ve- 
locity or  the discharge. Although som egree of similarity can be demon- t tP strated among these varioua equations 1 (see References), the difference In 
rate of transport as predicted by them is  fully as great as one might expect 
from one's first im resston of the dlsaimllarity of the formulations of the 
different equations12) Unfortunately, none of the equaUons can be shown to . 
be better than the others on grounds of either expediency o r  principle. All : 
fit eome data, but none fits a11 data. Llttle or  no basis in theory is claimed 
for moat of the suggested equations. Rather, they are  relationships wMch 
have been found by cut-and-try curve fitting or more o r  less arbitrary 
equation forms together with experimentally determined coefficients. 

Two equations for the rate of ed-load transportation, 'i roposed compara- 
tively recently by A. A. Wnsket3) and H, A. EXnslein(4~5 have the diaUncUm '. 
of being considered theoretical. To the extent that bolh could be derived, 
logically, from explicit, but different, sets of assumpuona, they can be so 
considered. Both, however, can be criticized on a number of counts. especial- 

That the flow In a channel will exert a tangential force on the boundary of 
the channel is well known. U the boundary is composed of discrete partlcles, 
it i s  readily apparent that those particles may thus be set in motion. Not ns 
apparent i s  the funcuonal relallonshlp which must exist between the flow and 
the particle movement. The paramount example of the general problem ie the 
transport of eediment in alluvial streams. Despite the fact that rivers and 
canals have been the concern of man since the dawn of history, wen today 
their behavior cannot be predlcted wlth complete eatisfaction or certainty. 

Most lnveetigatlons ln the past have been concerned with the particle 
movement at the bed-i.e., the bed load, As a result, many formulae for the 
rate of bed-load transportation have been proposed. None, however, ha8 
achieved general acceptance. More recently, the phenomenon of sediment 
suspension hae been invesugated both experimentally and analytically. Aside 
from certain secondary, but nevertheIesa material, considerations that are  
ae yet unresoived, the dbtribution of suspentied eediment has thereby been 
satlsfactoriiy formulated. The latest studies, several contemporaneous ~ I t h  
the one of whlch tills analysis is a part, have now progressed to the moat 
general phase of the eedlmenl transport problem-i.e., the combined bed load 
and suspended load, or total load. The expertmental phase of the investigation 
of the total sediment load conducted at the Iowa Institute of Hydraulic Re- 
eearch is only included briefly herein. It is reported in detail, including all 
pertinent experimental data, In a final report to the Office of Naval Research, 
the sponsors of the study. 

Qualitative Analyeie 

Bed Load 
ly as to the implications of some of the necessary assumptions. For ex- 
ample, Kallnske at an intermediate step in his presentation equated the 
number of partlcles in motion to the number of particles on the bed. This as- 
sumptlon implies that the number of particles in motion is constant no matter 
what the rate of transport. The principal objections that can be raised in  re- 

' 

spect to Einrrtelnps development cannot be a s  eimply stated (elsewhere they 
have been reviewed in detail),(6) but they a re  equslly damaging to the eonfl- 
dence that can be placed in hie equation. Unfortunately, therefore, the 'thew 
reticalR equationa are no more acceptable than Ule *emplricalR equations. In 
a subsequent section etill another bed-load equation will be presented which 
is basically empirical, although it haa eome rationality -its merit being that 
it is an integral par1 of the total load relationship. 

- 

The total sediment load can be divided Into two parta: the bed load, in 
which the particles move essentially In contact ulth the fixed (or semi-fixed1 
boundary, and the suspended load, i n  which the particles move entirely sur- 
rounded by and at essentially the velocity of the water. Although under some 
conditions the bed load may be only a small fraction of the suspended load, 

. 1 the bed load is  fundamentally the more important, because it I8 necesssq to 
7 .the extstence of the suspended load. 

In order to set any individual parllcle of bed eedlment into motion, the 
flow will have to exert upon it a finite force of some certain magnitude whlch 
depends on the shape, size, and density of the particle and its placement 
among the particles that surround it. The force exerted on this particular 
particle will depend on the average tangential force per unit area exerted by 
the flow, the position of the parllcle with respect to other particles in the 
neighborhood, and, if the flow is  turbulent, on the particular instant of obser- 
vation. Unless, however, one subscribes to the notion that lurbulent fluctu- 
ations can be infinitely large, there is  a limltlng mean-flow condition below 
which this particle will not move, More importanlly, there is  a limlt below 

Suspended Load 

A suspension of particles heavier than the fluid (and too large for Browni- 
an movement) is poesible because of the mixing action of the turbulent flow. 
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In a turbulent flow Ulere is a constant exchange of fluid masses, or  volumes, 
across planes everywhere in the field of flow. For reasona of continuity equal 
volumes of fluid must move up and down past any horizontal plane. It i s  
readily apparent that, since the particles are  falling with respect to the fluid 
surrounding them whether the fluid Is moving up or down, the mlxlng action 
can offset the acllon of gravity only If there are more particlea in the fluid 
volume moving up than there are in the flufd volume moving down. That is to 
say, that there must be a concentration gradient such that the concentration 
is greater at lower levels i f  the mixing action is to maintain a statietically 
steady-state condition. 

Tlre equation expressing the equflibrium state of a sediment suspenslon is 

the left-hand side of the equation representing the rate at which sediment is 
falllng per unit area across a horizontal plane under the influence of gravity, 
and the rlght-hand side the net rate at whlch sediment is being llfted by the 
mlxlng action of the turbulent flow at the same elevation y. The mixlng coef- 
5cienl cs is olwiously a measure of the rate of fluid exchange, at least aa a 
first approximation. 

Similarly, the equation for the apparent ahear In turbulent flow can be 
wrilten as 

If one disregards secondary effects such as viscous stress and virtual mass, 
it would seem that the two mixlng coefflclents a and a , should be the same. 
It is possible, however, that the mixing concept as  represented by these two 
equations 1s oversimplified and that in moving a flnlte vertical dtstance the 
fluid does not transfer, on the average, the temporal mean condltlons of itrP 

' 

point of origin. That is lo say that a natural-aeleclion process may actually 
occur in the mUng action. 

The usual expression for the distribution of sediment in the vertical is ob- 
tdned by assumlng proportionality of the mirrlng coelOcients (t - (36 A, 
llnear variation of the shear, and logarithmic velocity distribution. 7) The 
differential equation for the sediment Suspension can then be Integrated to 
nlve 

where z = W/BK )TP. Only a relative distribution is thereby obtained, as  the 
concentration at any level y la expressed tn ratio to the concentration C a  at 
some level a Obviously, i f  the concentration ca could be specified by some 
other means, the average suspended-load concentratlon cs could be obtained 
by integration of the expression 

The two factors which will dominale in determining the average concentrallon 
of the suspended load are ca and +o/p/w. The range of variation of other , 

* 

factors such a8 /3 and K 18  mall in compariaon to Ule possible variation in. - 
these two. 

As can be seen from Eq. (3) the ratio of the shear velocity to the fall ve- 
locity is the primary factor determining the degree of uniformity of the 
concentration. Given a value of Ca at the lower-most level of suapension, the 
more uniform the dispersion of the sediment ke. ,  the larger the value of 

1 q m w )  the greater will be the value of the mean concentration Es. Ai- 

I though perhaps not observable, there should be a level, or  zone, near tile bed 
where the concentralion becomes less dependent on the mixing action of the 
turbulent flow than on the rate at which particles are  cast up, or  entrained, 
from the b'ed. 

The assumptions made by Nnslein in expanding hie bed-load funcllon to 
permit the calculation of the total load(5) were that the reference level could I be taken as twice the diameter of the sediment parllcle and that the concen- 

1 Interchange Between the Bed and the F o r  

I 

tratlon in this eone was proportional to the rate of bed-load transport dlvlded 
by the shear velocity associated with the sedi~nent pa~Zicle and the dlstance 

i from the reference level to the bed. Implicitly he also assumed that the 
mecl~anism of entralnment was the mixing action of the turbulent flow which 1 is so effective at hlgher levels, and that tlw logarithmic velocity distdbullon 
(and, therefore, the concentration distribulion) was valid aa close as tNs to 

Earlier Lane and ~alinake(8) had suggested that, for tile sediment particles 
' . . of a s h e  class represented 4 a mean fall velocity w, the concentration at the 

"bottomw was proportional to the percentage of the bed of that particular size 
* and a function of the shear-velocity/fall-velocity ratio. Experimental investi- 

gallons under their direc 1 n resulted in modifications of the odginally pro- 
193 

A eedlment particle W c h  is  suspended In the turbulent flow will follow an 
erratic path which will depend on the velocity of the flutd about it from inatant 
to instant. Each of the many particles wlllch pass through any point in lhe 
field of flow will, of course, follow a different path. Although the paths of Ule 
individual particles cannot be predicted, in the aggregate a pattern of diffusion 

i 
! of the particles passing through the given polnt wlll obldn. Even If llre parti- - cles were of the same density aa the fluid, within a nominal distance some of 

them would reach the bed of the stream because of the turbulent mixing actfon: 
In order to maintain a steady state of suspenslon wfthin the field of flow for 
every particle that returns to the bed, a particle must, by some means, be 
removed from the bed and Injected into the flow. 

Considering the importance of the interchange phenomenon to the under- 
standing of the phenomenon of the suspended load, tliere haa been surprisingly 
llttle speculation as to the mechanism whereby the sediment particle8 are re- 

- 1 - . nloved from the bed. The tn ,  noUotts that have been advanced are  (1) that the 

- posed relationship. Pien simply adopted a d st  nce from the boltom of 0.1 ttor - the depth of flow as the reference level. Hsia, because he used a very 
fine sediment whlcb was almost udformly dispersed In the flow, considered 

to'tlle mean concentration, but found that a 
proportional to the ratio of the partlclo diame- 

ter to the thickness of the lanlinar sublayer, was needed. The basic concept 
in both the original and modlfled relationel~ips was that the verUcal turbulent 
fluctuations Upicked upw material from the bottom. 
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Although the predictlon of the patla of the particle may not be poasible, it . 

should be clear that, if the velocity of the particle moving as bed load b great, 
enough, the particle can leave the immediate vicinity of the bed in what might , , 
be deecribed aa a self-launching acUon. Moreover, the factors which will ; 
govern the motlon of the particle, other than the properttes of the fluld and 1 
the partlcle itself, are the form of the bed, the flow pattern (including the ve- f I 

locity magnitude), the gravitational force, and the velocity of the particle at i : 
the crest of the dune. The amount of material involved in tNs action will be i 
related to the number of particles in motlon and the size of the particles. 
Since the product of the number, size, and velocity of the particles b the ; 
volume rate of bed-load transportation, it i s  immediately apparent that the 
bed load will play a primary role in the determination of the suspended load. 

If the bed is covered with dunes, thls self-launching action is easy to visu- 
alize. Even more to the point, i t  can be observed. If there are  no dunes- 
i.e., if the bed is plane-the same action is still possible, because the bed- I 

load particles must move over roughness elemelits of their own size. Ae a 
result, the direction of motion of the particle can be away from the bed and, 
if its velocity i s  great enough, the particle can escape from tile immediate 
neighborhood of the boundary. If tlke moving particle in Lhe case of the duned 
bed can be likened to a ski-jumper, in the case of the plane bed it can be lik- 
ened to a hot grounder in a sand-lot baseball game. 

The secondary motion, o r  large-scale vortices, of the turbulent flow can 
also result in a movement of tho particlea in contact wIth the bed whereby 
they can be eelf-launched Into the flow. This can be demonatrated simply in 
a glass jar filled with water with a bed of fino sand on tho bottom. By moving 
a pencll in a small orbit an almost irrotauonal vortex can be lnduced. Be- 
cause of the secondary motion, the eand particles move inward in spiral paths 
and a emall, sharp-pointed, cwped dune is formed. If the velocity of flow 
near the bed, and consequently, the velocity of the particles, is sufficiently 
great, the same eelf-launching action from the peak of the dune ie observable. 
(The importance of macroturbulence such as tNe in the movement of s e a -  
ment has been noted by Matthesjll) although the mechanism whereby the 
particles are removed from the bed is not described. A similar phenomenon 
ha8 also been noted by ~ane).(ls) In a stream or  a laboratory flume lhie ac- 
tion is quite impossible of observation. It can be readily observed every 
autumn, however, with dust and fallen Ieavee a8 the sedlment particles. On a 
large ecale, of course, it is lhe tornado of the western plains. 

flow around the particle results in a HR force greater than the weight of the 
particle and that the particle consequently moves up from the bed into the 
flow,(ll,l2)and (2) that the mixing action of the turbulent flow is sufficiently . 
strong at the bed level to remove the partlcle from the bed.(lz,l3) 

It cannot be disputed that there might be lift forces on a partlcle on the I t 
bed, because the partlcle i s  not in a uniform or  even symmetrical flow field I 

but in a velocity gradient, because the pressure may approach the stagnation 
I magnitude under some particles, or because the velocity possesses locally a . , 

component in the upward direction. No matter how this possible lift force 
may come into being, however, there will also be a drag force on the particle 
such that the particle will begin to move or, if already moving, will move 
faster parallel to the bed-i.e., in the dlreetion of the drag force. If the lift 
became almost equal to the weight of the particle, any small drag force would j be sufficient to roll or  slide the particle. Since the forces merted'by the flow : 
on the particle are the result of the relative motion of particle and fluid, they 1 

could be expected to decreaee once the partlcle i s  accelerated. How a lift 
force greater than the weight of the particle could develop on a partlcle that 
is free to move is, therefore, dlfflcult to envieion, except possibly through 1 
the action of vertical components of large scale turbulence. 

Thle possibility is, of course, the same as the notion that the mtxing action 
of the turbulent flow extends to the level of the bed. For a smooth, solid bed 
it is readily apparent that at least the vertical turbulent fluctuations will de- 

i 
crease with proximity to the boundary to the Ilmit of eero'at the boundary. . i 

4 .  

Although a rough, porous boundary such as is  formed by the sedlment might . , 
either result in, or  permit, larger turbulent fluctuations than have been found .: : 
in the vicinity of smooth boundaries, one would stlIl expect the mixing acUon . 7  

Eguipment and Technique 

of the turbulent flow to grow weaker as the boundary is approached, Although ' ' 

the process cannot be categoricaily ruled out, It muld seem that the turbulent -' 

exchange whicl~ can be qulte effective in the interior of the flow would be 
minimal and rather inadequate at the boundary. 

A more plausible explanation of how a sediment particle can leave the bed - 
can be baaed on Newton's first law of motion-that a body in  motion will move 
uniformly in a atratght line unUl acted upon by some force. Consider now a 
particle moving up the weather slope of a dune. The forces on the particle 
are the propelling forcea of pressure and shear due to the flow around the 
particle, the force of gravity, and the reaction force of the bed that can be 

Slnce most previous investigations of sediment transportation have been 
concerned with bed-load movement, vary few data on the rate of transport of 
total load, or even suspended load, were available at t l~e  time this study mu 
initiated. An expedmental phase of the invesUgaiion, therefore, was eeeential 
to the determination of quantitative information relative to tllls most general 
case of sedlment movement, Becauae the data which war, gathered were so 
important in the development of the relationships for the sediment load, a 
brief description of the experimental phnee is included herein. 

The principal ltem of experimental equipment was a reclrculaUng, tfltlng 

- - 

resolved into a normal, support force and a tangential, resistance force. Just  . 
before the crest of the dune all of these forces wlll be acting on the particle; 
just after the crest of the dune the bed forces supporting the particle and re- 
eisting the motlon will be lost, but the fluid forces and the gravitational force 1 

will continue to act on the particle (although the fluid forces may change be- 
cause the flow around the particle changes). The motion of the particle will 
then depend on the velocity (both direction and magnitude) of the partlcle as it .. 
leaves the crest of the dune and the forcea which thereafter act upon it. 

If the velocity of the particle and the propelling forces are small and the 
weight of the parUcle under water 1s large, the particle wlfl merely roll over 
the crest and down the lee slope of the dune. This, of course, is a description 
of bed-load movement. If the gravitational force is small in comparison to 

1 -  
the momentum (mass times velocity) of the partlcle, the particle will only I 
gradually deviate from its initial direction of motion and will tend to move in  
the parabolic path of a projectile. This ideal path, of course, will be modified . i . 
by the effect of the fluid forces on the particle. ' 1 '  

I 
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flume wiUl an overall length of 105 feet, shown in Fig. 1. The test section 
was 90 feet long and had a cross sectlon 36 inches wide and 18 inches deep. 
In order to permit visual observation of the flow, the sides of the test sectlon 
were made of l/4-inch plate glass. 

Because the resistance to flow will depend in large measure on the rough- 
ness of the self-formed alluvial bed, the disclrarge and the depth of flow (and 
hence the velocity) are usually fixed in experiments such aa theae, and the 
elope is  allowed to develop as required. In order to speed up the depoeltlon- 
erosion process whereby the elope la eatabllshed, it Is expedient to be able 
to tilt the entire flume during operalion. The mechanism wlllch was used to 
accomplish this wa8 a system of interconnected cams. 

The rate of flow was controlled by the speed of the pumps aml measured 
by calibrated, segmental orifices in each line In conjunction with an air-water 
manometer. The depth of flow was determined by the volun~e of water in the . 
system and the water-surface elevation was measured at 10-foot intervals 
along the test sectlon by plezometers connected to an open manometer board. 
The water-surface and sand-bed elevations relative to the flume could be de- 
termined by rneans of point gages mounted on carriages whlch in turn slid an 
stainless-steel rails which were parallel to the flume bottom. The slope of 
the flume Itself was obtained by measuring the travel of the lower end with a 
vernier and scale made from a standard polnt gage. 

Values of velocity and concentration at a point were obtained by means of 
the combination instrument shown in Fig. 2. Two Pitot tubes, modified to 
produce a larger differential reading, were mounted on each sfde of a rec- 
tangular sampler nozzle. The differential-head indication waa obtained with 
an air-waler manometer. A emall variable-speed pump was used to establish 
any desired rate of flow into the sampler-Intake nozele. The rate of flow waa 
measured by a calibrated Venturi meter and air-water manometer. The 
pumped sample waa collected at Nrst in quart milk bottles; later large glass 
tubes were obtained to lmplify the handling of the sample. The amount of 
sediment in the samples was determined by weighing In calibrated pycno- 
meters. For small concentrations a standard 10-ml pycnometer with a fitted 
stopper having a capillary hole was used and for large concentrations a 500- 
ml flask with a narrow, graduated neck. 

In order to measure the total load, a low submerged weir wae installed at 
the downstream end of the test sectlon. The weir was formed of a quarter 

' 

cylinder cut from a nominal 4-inch brass pipe, and placed so Ulat Ure convex 
side was upstream and a tangent to the top edge, or crest, of the weir  waa 
parallel to the flume bottom. The crest of Ule weir was approxlmatoly an 
inch above the mean elevation of the sand bed and sllgl~tly above the crest of 
the dunes. 

In a study such as this the operation and the measuring techniques must 
be designed first to establish normal eclullibrlum transport conditions and 
then to obtaln a reliable and complete descrlptlon of those conditions. Al- 
though equilibrium here refers specifically to a state of flow in whlch there 
is  neftlier aggradatlon nor degradallon of the bed, it also implies that there is 
no change In state with time. Because the rate of change from a non-equi- 
llbrlurn to an equilibrium state will depend primarily upon the degree of non- 
equilibrium, tire desired steady state will tend to be approached asymptotfc- 
ally. 

Arbitraqr, but judicious, operation of a sediment-transport flume can ma- 
terially reduce the time required to attain a normal equlllbrium condition. 
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To confirm the establishment of equilibrium, however, repeated measure- 
ments over considerable periods of Umc are necessary. To verify the uni- 
formity of a reach, measurements at successive sections are  required. 

Given a width of section (which is fixed by the construction of the test 
section) and a bed material (which can be chosen arbitrarily) only two of the 
three primary flow cllaracteristics (discharge, depth, and slope) can be con- 
sidered lo be Independent variables. In a natural stream the slope and the 
discharge are the imposed conditions and the depth is  conditional upon these 
and upon the configuration of the stream. Operation of a reclrculating, tilting 
flume is simpler i f  the discharge and depth are chosen as the imposed con- 
ditions and the other characteristics of the flow are allowed, o r  helped, to at- 
tain their natural value or form. 

In the first runs measurements were taken of all pertinent characteristlce 
of the flow as the condition of equilibrium was approached. The slope proved 
to be the most sensitive Index, ae it was alfected by both the non-uniformity 
of the flow and the roughnms of the bed. As deposition and scour occurred, 
remolding the overall bed so that the rate of sediment transport at every 
section was the same, there was a concomitant charge In the water-surface . 
slope. As the natural ripple or  dune pattern developed, the roughness of the 
bed changed. Therefore, the resistance to flow changed, .and, consequently, 
the slope of the water aurface. The velocity distribution and concentration 
dietribution were affected by the position of the dunea relative to the measur- 
ing section-especially, of course, near the bed. As a result, the spatial varl- 
ation of these measurements was of the same order as the temporal variation, 
unless the flow was adjusting Itself quite rapidly toward the normal equillbri- 
urn condilion. 

For the coarse; of the two sands used, the slope proved to be a sufficient 
indicator of the attai~tment of the normal equlllbrium condilion. When the bed 
had been remolded and its configuralion established, tile slope of the water 
surface no longer varied with Ume. (Tilting: the flume, in effect, simply re- 
duced the time necessary for remolding the bed.) A reach of approximately 
50 feet, from about 35 feet to about 85 feet from the entrance, would then ex- 
hibit uniformity-as defined by a constant slope and conatant depth ot flow. 

For the nner sand the water-surface slope alone was not found to be an , 
adequate measure of the state of flow. This was becaase the length of the 
reach displaying uniformity was only about 30 feet, and, therefore, the 
measurement of the slope could not be as precise. Measurements of the 
sand-bed slope and eievalion were found to be necessary also. In order to 
measure the sand bed the flow had to be stopped and the run interrupted. 
Therefore, the sand-bed measurements were only used as a anal check after 
the water-surface slope indicated stablllty. 

Fortunately, because the total time requlred for a single conlplete run 
made conlinuous operation impractical, tnterruptfon of a run did not affect 
materially either the attainment or  Ule state of equillbrlum. If care was taken 
in  stopping and then resuming a run, the state of flow at the time of inter- 
ruption was reestablished *thin an hour at the most. As laas been mentioned 
before, the crilerion for normal equi1ibrlum flow is  that the characteristics 
of flow do not change with Ume. Since this state Is approached asymptoffcal- 
ly, it is obvious that the final determination of whelher the deslred state has 
been reached must rest on the judgment of the operator. When nortnai equfll- 
brium had been altalned-in the operator'e judgment-measurements were 
made of water-surface elevntions, velocity distribution, concentration distri- 
bution, and sand-bed elevattons. 
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For the coarser sand, only cenlcrllne distributions of velocity and concena , I  
* .  i .  tration were ddermined. For the liner sand, complete traverses during 1 , I  

several runs were made across the flow section in the uniform zone and over 
the low quarter-drcle weir. Measurenients of the dune size could be obtalned i 
in tile case of the tnarser sand. However, for the very fine sand the material ! 

settling out of suspension almost obliterated the dune forms. 
Water-surface and sand-bed elevations could be read to 0.001 foot. Al- 

though errors in any single determinatlon could be greater, the error wllch 
might be expected In the average of repeated measurements should not exceed 
this value. The depth of flow ranged from about 0.25 to about 1.00 foot. At , 

f the smallest depths the percentage error, therefore, could be of the order of 
1%. The slope ranged from about 0.0004 to about 0.0018 over the 50-foot 

I 
I 

reach of the coarser sand and from about 0.0008 to about 0.0012 over the 30- 

1 foot reach of the finer sand. Ermrs a8 large aa 10%. therefore, are poulble. 
! Fe.w of the individual velocity deternlnations in the interior of the flow 

should be in error by more than 2 or G. Near the sand bed, however, the I 
possible error in the measurements be:ame larger as the boundary waa ap- 

. proached, because the velocity became smaller. Moreover, the position of 
the dune relative to the measuring section waa unknown, so that the meaning 
of the measurements near the sand bed was somewhat Indefinite. 

The samples wl~ich were taken for Ihe determinations of point concen- I 

traUo118 were large enough to give a goad U me average. Fig. 3 ehowe the F 
long-period fluctuaUons of the concentration at a point as a function of time, .; 
The short-perlod fluctuations have been averaged out because each successive . 1 . 
determination of concentrauon was made from a lquar t  sample, each quart 3- I 
belng equivalent to a stream tube almost the length of the teat section. In the . ,: , 
first runs 5-quart samples were taken to reduce this eource of error in the i; .). . 
concentration measurements. The slightly larger WOO-cc tubes, later subetl- 
tuled for the mtlk bottles, were equivalent in volume, and the procedure of 

!' transferring the sedl~nent sample to the pycnometer was slmpler. 

Experimental Results j 
The size-frequency distribution of the two sands which were used is shown I 

in Fig. 4. Despite the fact that the finer sand 18 wlthln what 18 generally con- 
sidered the silt range, it i s  a true sand. Both sands were fractions of the $5 ' Ottawa deposit (the coarsest fraction of which ie the standard concrete test- 

1 ing sand) and are almost pure sillca. 
The experimental results for the coareer sand are summarized In Table 1. 

A more detailed summary 1s included tn the report to the sponsor.(f.6) In re- 
gard to the basic problem being InveaUgated-the correlation between the f 
sedlrnent load and the flow and sediment characteristics-little can be learned i 
from comparing tlie pertinent values for different runs, even HiCh the aid of 5 

elmple plots. An empirical relationship describing thle correlation 'Iffas 
: 

found only after a qualitative analysis of the problem hadindicatedparametere 
! which could be taken as  expressing the factors governing the phenomena in- 
I volved. This qualitative analysis and the relationehlps finally obtained are I the subject of the following section. Several general characterlstlce of inter- 

I 
I 

est, however, are immediately apparent from Ute tabulated summary. 
The recorded dune heights h and 1 show that within the range of conditions 

represented here, (he size of the dunes did not vary greatly-except that in  
one run a plane bed was formed. (A number of olher attempts to obtain a 
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plane bed were unsuccessful. The combinations of velocity and depth giving { .  
Froude numbers of about 0.8 resulted in very unstable flow conditions in the 
flume.) As can be seen in the respective tabulations, the relative roughness 
2yo/h of the duned bed exhibited a greater variation than did the absolute ! 
roughness h. 

In Fig. 5 the Weisbach resistance coefficient la plotted as a functlon of the 
relative roughness together with the relationship for fully rough-pipe flow 

I 

based on the Nikuradse experin~ents with sand-roughened pipes. Despite the J 

scatter of the experimental points a very good agreement is  evident between 
the two kinds of roughness in the two flow systems. In fact, one should proba- 
bly illterpret the superposition of the points on the curve as due tb a fortul- 
tous choice of a typical roughness length until further evidence is available 
as to the effect of roughness ahape and spacing on the resistance coelUcient. 
One can conclude, however, that Ule bed configuration is  of major In~portance 
in the resistance to flow of alluvial streams. , 

Similarly the roltghnss has an effect on the veloclty distribution, whlch- 
except for the plane bed-is in accord wlth the Nikuradse experimente. Fig. 
6 shows the power-law exponent as a function of the relative roughness to- 
gether with the Nikuradse relationship. The values of the exponent m were ' . - 
obtained from log-log plots of the velocity distribution. Semi-logarithmic 
plots of the veloclty distribution were also made and the values of K obtained 
therefmm are  Usted in the table. NO s~stamatie correlation for the vadatlon 1 
of K was found with either the concentration or  the roughness. 

Similarly, no pattern of variation was found for the values of @ listed In :I.: the table. Tile value of fl was taken as the ratlo of the theoretical exponent of 
the concentration distribution z l  to the measured exponent z aa obtalned from 
log-log plots of the concentration distribution. In the theoretical evaluation ' 1  : 
'of zl the fall velocity obtained in a bottom-withdrawal-tube determination of ' 1  
the size-frequency distribution and the nominal value of 0.4 for K were used. 
The effect of the concentration would be to decrease the fall velocity and, I therefore, zl by less than 10%. Use of the experimental values of r would 
increase zl awl, therefore, p. For most of the runs tNs increase would be 

i of the order of 30%. 
Table I1 summarizes the results for the finer sand. From the tabulated f 1 .  

values In this table it can be seen that the resistance to the flow for these i runs with the finer sand la about the same as  for those with the coarser sand. 
Although meaningful measurements of the roughness could not be obtained be- I 

cause of the deposition of the suspended load, It could be observed that the I 

size of the dunes was approximately the same as for the previous serle8 of 
runs. The velocity distrlbutlon characterized by the exponent m as obtained 
from log-log plots i s  also Indicative of a rough boundary similar to the rutla 
with the coarser sand. The values of u from semi-logarithmic plots listed in 
Table I1 a r e  slightly smaller for thls eerlea. A comparison of theoretical 
and measured concentralion distribution by taking a ratio of the appropriate 
z values results again In values greater than unity, and about the same a8 
those found for the coarser sand. Correction of the fall velocity for the 
concentration effect would decrease 13 by as  much as 40(1&, but use of the 
experimentally determined values of K would almost double the value of 8. 

Of perhaps greater significance I s  the fact that the total load measured 
over the weir was almost the same as the suspended load measured in the 
normal sections. In fact, the errors in measurement of the suspended load 
were larger than the bed load. It 18 estimated that the bed 104  for these runs 

ls 

was probably not more than 1'h of the total load. 
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Flg. 9 shows a comparison between the measured mean concentration and 
the concentration as computed in this maaner. A tendency for the plane beds ; 
to have a measured concentration less than computed could be noted, as well , 
as a hint that there might be a rryatemallc scatter wtth the ratio I ~ / T ~ .  It is ; 

, readily apparent that this ratlo could be taken as a measure of the roughtress ' 
of the bed; together with the other parameters which have been 1Mmduccd i t  i 
might also be taken as descriptive of the ratio of the velocity of Ibe bed-load 
particles to their fall velocity. The unsystemalic scatter due probably to 

.. . 

. 

. 

errors in measurement, was too great to assess the possible influence 04 
these two factors. Actually a rather good correlation is indicated over the ; 
ten-thousand-fold range in concentration represented in this plot. 

Equation (9) also allows the prediction of the composition of the sediment I 

lo& (bed load, suspended load, o r  total load depending on the funclion of the 
ehear-velocity/fail-veloclty ratio employed). Fig. 10 a h o h  a comparison 
with measurement of such a prediction for several runs. t 

Although the data used in Figs. 7 and 0 repreeent a large variation In aedi- 
ment size and concentration, the measurements were all made in laboratory 
flumes under controlled conditions. Therebre, an attempt was made to pre- 
dict the sedlment load under field conditions using the data published by H. A. 
Einstein for Mountain Creek in South Carolina Rnci West Goose Creek in 
Mi s i  sippi,(20) and by the USGS for the Niobrara River near Cody, Nebras- , 

ka!217 The reaulta are  shown in Fi,. 11, 12, and 13, re8pWvely. 
* In the upper part of the figures the velocity and slope data are  plotted Q- . gether with the mean curves which were used In conjunction with Eq. (9) to 

obtain a predlcted eedlment load. On the left a curve, or  curves, for the pre- 
, dicted load and the data of the measured load are  plotted as a Iunction of the 

discharge. On the right aro plotted the predicted composltfon of t l~e  sediment . load and the measured compositlon of the bed materiul. 
In the case of Mountain Creek the predicted load was in general lese than ' 

measured. It may be noted, however, that artificial flash floods were used ' 

. to obtaln much of these data (FIE. l l ) ,  with a difference in conditions between 

i rising and falling stage as indicated in the figure. The measured points of : 

the largest flood are connected in the flgure by light lines lndlcating the 
temporal continuity, The meaaured difference between the rising and falling I stages is roughly comparablp to the predicted difference. Of perhaps greater, 

t signiUcance Is the discrepancy between the predicted arid measured compo- 
sition of the bed load. The predlcted mean size of Ute bed load was 0.6 mm 
a8 compared to a measured value the same as the bed material, o r  0.9 mm. 

t 
If a smaller value for had been used, the predicted load would, of course, 

. have been greater and the composition of the bed load would have more close- 
ly approached that of the bed material. 

The predicted bed load for West Goose Creek (Flg. 12) agrees very well 

i with that measured for lower dlschzrges, but it is considerably too large for 
higher dischargea. It is noteworlhy that the discrepancy ie pronounced only 
at velocities of Mow above 2.6 fpa. Bas& on the experience of the writer, it 
seems doubtful that a slot 2 feet in width such as was used would capture 
much more than half the load at tids high a veloclty with so line a sand (0.3 
mm). The predicted slze of the bed load for West Goose Creek is  only slight- 
ly smaller than the s i re  of the bed malerial, and is well within the scatter of 
the measured compositlon of the bed load. 

The excellent prediction a1 the sediment load for the gaging-statton section 
' of the Niobrara River (Fig. 13) does not i~lciude some fifty-nine mewurement~ 
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in the range of 200 to ZOO0 tons per day which would fall on the computed 
curve or  on poinla next to the curve. In order to compare the predicted and 
measured compostUon of the suspended load, seventeen measurements W c h  
Included a large amount of fine material (the result of surface erosion) were 
rejected. It should be noled, however, lhat the measured values of concenA 
traUon have not been corrected for the inherent sampling error due to the; 
fact that the sampler does not traverse the entire depth. 

Appiicabiiity of the Proposed Relationships 
I ; 
i I 

The proposed rate-of-transport relationshlpa, Eq. (9) and Fig. 14, doe ,  ; 
both the quantity and the quality of the total, suspended, and bed loads a s  
functions of the basic hydraulic characterlsUcs of Ule stream and the c h a m -  1 
teristics of the bed sediment. Thus, they can be applied directly and simply I 
to the prediction of the sediment-transporting eharacterlstics of a stream 1 
from other measurable or computable characterletice. However, it should be I 

kept in mind that the relatlonship~ are  barrically empirical and hence can be i 
used with confidence only within the range of conditlone for which they have ! 
been tested against actual measurements. 

In order to increase the reliance that can be placed on their appllcablllty, ' , 
the proposed relaUonshlps must be tested against reliable meaauremenls I 

over an ever wider range of conditions. Special field studies would be par- . ; 
llcularly valuable-not only to extend the scale to include large rivers, but 
also to asseas the effect of such stream characteristics as channel shape and 
alignment. Such continued testing could result In the addition of eecondary : 
parameters ae well as some modification ol the present relationships between I 
the basic parameters. 

Because approximations had to be made In the formulation of those para- 
meters, continued study of the factors entering into the sediment-transport 
relationships 1s also indicated. For example, from Fig. 8 it is quite evident 
that the critical tractive force relaUonsNp for fine matedale is not adequate- 
ly understood. An investigation of the magnitude and distribution of the forces 
on a boundary of composite roughness such as a duned bed la also needed, It 
is readily apparent that studlee sech as  these would permit better formu- 
latlone of the parameters governing the sediment load. Other investigations 
that would be desirable concern the mutual interference of particles of vari- 
ous sizes and the formation of dunes and ripples. 

Unfortunately, the need for a meane of predicting the sediment-transport- , 
ing characteristics of a stream cannot wait on the completion of all desirable 
research. Since considerable rationality can be ascribed Lo the parametere 
of the proposed relationships, and since their ability to correlate measured i 
lnboratory and field data has been demonstrated, it would seem reasonable 
and proper to attempt to apply the relationships to field problems-so long 
there ie full realization that they are new and comparatively untrled. I 

For any stream which h a s  been gaged for a period of years the hydraulic , 
factors needed for the prediction of the sediment load should be available. 
Information as to the characterisllcs of the normal bed material should then 
permlt the construction of load-discharge relations such as those ln Figs. 11, 
12, and 13. Sheet erosion during heavy rolns will contribute a temporary fine 
fraction to the normal bed material. The "wash" load which results there- 
from cannot be predicted from the proposed relationships unless the tempo- 
rary fine fraction can be estimated. For streams of which the gaging 
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program has included suspended-sediment measure~nenls it may be possible s 

wit11 the aid of the proposed relationships lo correlate the wash load wilh the 
watershed and rainlali characteristics such as soil type, cullivallon, basin 
slopes, season, Intensity of rain, antecedent rain, etc. The ullUty of such a 
correlation of unmeasured streams is obvious. 

In the case of degradauon studies, the influence of the wash load sllould be 
small; since the bed materlal can be considered known, the rale and location 
of the degradation should be predictable. Tile case of aggradatlon sludiea Ls 
more difficult, because the source of the excess sediment load will determine 
its composition. In this respect the aggradation problem is similar to Ule . 
problem of wash load on poised streams. I 

CONCLUSIONS 

Through the use of (1) a qualitative analyeis, (2) original experlmenla of a 
specialized nature, and (3) supplementary data from other sources, empirical 
relationships for the primary aspects of the sediment load have been oWained. 
These relationships permit the composition and the rate of transport of the 
total load, the suspended load, and the bed load to be evaluated from the hy- 
draulic characteristics of the etream (mean velocity and depth of flow and 
energy gradient) and the characteristics of the bed sediment (frequency dlstrl- 
bution of size and fall velocity). 

In the process of defining the reiationsl~lpe belween the parameten, which 
were found to govern the sediment loads, a correlation of laboratory data 
representing a ten-lhousand-fold range in rate of transport was obtained wlth 
a scatter probably not much greater than the error in the experimental obser- 
vations. The extent to which the proposed reiatlonships could predlct field 
conditions was demonstrated for three natural streams. The degree of ap- 
proxtmation was espectally encouraging, since the ultimate goal of the search 
for a general sediment-transport function is its application to practical engi- 
neering problems. 
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List of Symbols 

a elevation of reference concentration ca, It I 

1 c sedlment concentralton at a point, percent by weigll 

C mean concentration, 266 qs/q (subscripts a, b, t refer to su8pkd- 
ed, bed, and total load, respec~vely), percent by weight I 

c, concentration at reference level a, percent by weight I 

. / ! :  C coefficient relating critical tractive force to sediment elze . . 

dlameter of eediment particle (mean diameter of fracuon p of bed 
material), ft  I : 

mean diameter of bed material, It q 

Weisbach resistance coefficient I 
i - 8 

Froude number, V& 

dune height, It 

dune length, It I 
i I 
: a  

exponent in power-law velocity dlstrlbutlon I 

Manning roughness coefficient I 
I 

fraction of bed material of dlameter d 

I q rate of flow per unit width, VyO, cLa/ft 

:I- q, volume rate of sediment transport per unit width (aubecrlple s, b, 
t refer to euepended, bed, and total load, reepectlvely), c f ~ / f t  , 

R hydraulic radius, ft 
i 1 
i 1 R Reynolds number, 2Vy0/)! 

i'P. s energy gradient, ft/ft 
! 

!'I v velocity of flow at a point, fps 
I !4 I 

! 4 6 vg surface velocity obtained by extrapolating power-law velocity 
i ! . . distribution, fps 


