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th A Y S T ~ A L T  

The Washington S t a t e  Department of Transportation (WSDOT) presen t ly  uses an 
empirical approach in est imating t h e  depth t o  which riverbed scour i s  apt  t o  

1 
occur around bridge p i e r s .  The empiricism ar i ses8  a t  l e a s t  i n  p a r t ,  from the  u;e 
o f  prediction equations of the  form d /b=K(y /b) where d i s  t he  preJicted 
scour d e p t h ,  b 1s the width of p i e r s ,  i s  tRe depth of t h 8  aprroach flow, K i s  
d m u l t i p l ~ e r  t h a t  incorpor?tes  geometry of p ie rs  and t h e i r  o r i en t a t i on  t o  the 
flow j ~ t h  irl strcanrs arid n i; a f ac to r  r e f l ec t i ng  e ros ive  c h a r a c t e r i s t i c s  of 
~t red!lt~,eds . 

More than 35 d i f fc re r l t  formulae, having form s imi l a r  t o  t he  one above, have 
been y r o ~ o s c d  f o r  scour estimdtion s ince  1949. A11 apply most appropriately t o  
cohesionles5 strcai~lbed rilaterials t h a t  a r e  uniform in s i z e .  Many s i t e  cotiditions 
in G!dshington drld o ther  s t a t e s  have graded 1:iaterial with some armorinl; 

I 
c h a r d c t e r i s t i c s .  Predict ion equations of the above type wi l l  es t imate scour 
riluch deeper thclrr what a c tua l l y  occurs in these l a t t e r  type streambeds. 

Bridge p i e r  conrtructiori  can be ovecly cos t ly  i f  they penetrate  tke  stream- 
bed unnecessar i ly  deep. A t  the same time, however, designs must be sa fe .  
kesearch rcpurted here exaniirled whether ex is t ing  WSDOT scour est imating prac t ices  
a r e  appropr ia te  ot- whether o ther  rnethodoloqy should be used. Results point out 
t h d t ,  where ilniform-sized cohesioriless streambeds e x i s t ,  cort-ect estimatf n g  
methods a r e  sd t i s f ac to ry .  However, a t  bridges over streams h,?vit?g graded bed 
n ~ a t e r i a i s  cur ren t  est imates  of scour depths a r e  excessive. A procedure f o r  
~ s t i ~ n a t i n g  these l d t t e r  depths has been developed and i s  presented herein f o r  
use by WSDOT and o thers .  
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The contents of this report reflect the views of the authors, who are 
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regulation of either of these agencies or the Washington Stnte  University. 
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'I'hc W;lshingtori S t a t - e  Department. o I r i s r t i t  o r  ( W i i o ' l ' )  j)rc?sc.rlt l y rlsc?s ;in 

e m i ~ i r i c i i l  a p p r o a c h  i n  t ? s t i ; n a t i n g  Lht? depl  t~ 1.0 whic:li r - i v e r b t d  s c o u r  i s  a p t  t o  

occur  a round  b r i d g e  p i e r s .  'I'hc e m p i r i c i s m  a r i s e s ,  at.  l eas t .  i n  p a r t ,  from t.lie 

u s e  0.f p r e d i c t i o n  e q u a t i o r l s  o f  t h e  form 

where  ds is t h e  p r e d i c t e d  s c o u r  d e p t h ,  b  is t h e  w i d t h  o f  p i e r s ,  yo is t h e  

d e p t h  o f  t h e  a p p r o a c h  f l o w ,  K is a  m u l t i p l i e r  t h a t  i n c o r p o r a t e s  geomet ry  o f  

p i e r s  and t h e i r  o r i e n t a t i o n  t o  t h e  f l o w  p a t h  i n  s t r e a m s  and n is 3 f a c t o r  

r e f l e c t i n g  e r o s i v e  c h a r a c t e r i s t i c s  o f  s t r e a m b e d s .  

More t.han 35 d i f f e r r a t .  f o r m u l a e ,  h a v i n g  form s i m i l a r  t u  t h e  one  a b o v e ,  have  

Seen  ~ ~ r o p o s e d  f  ot- s c o u r  e s t i m a t i o n  s i n c e  19/49. A l  l a p p l y  most a p p r o p r i n t e l y  

t o  c o h c s i o r ~ l e s s  s t r e a m b e d  m a t e r i a l s  t:?,ai ;ire u n i f o r m  i n  s i z e .  Flany r i  t.e 

c o n d i t i o n s  i n  Washingt:on and  o t h e r  s t -ci tes  Il;ivc. ~ r a d e t f  mntt!rial w i t h  some 

a r m o r i n g  c h a r a c t e r i s t i c s .  P r e d i c t i o n  e q u a t i o n s  o f  the above  t.ype w i  11 

e s t i m a t e  s c o u r  much d e e p e r  t h a n  what a c t u a l l y  o c c u r s  i n  t h e s e  l a t t e r  t y p e  

s t r e a m b e d s .  

B r i d g e  p i e r  c o r l s t r u c t i o r l  c a n  bc? o v e r l y  c o s t l y  i f  t h e y  p e n e t r a t e  t h e  streaml;ed 

u n n e c e s s a r i l y  d e e p .  A t  t h e  same t i m e ,  howi?ver, d e s i g n s  must  b e  s a f e .  

R e s e a r c h  r e p o r t e d  h e r e  examined wt~et!ier e x i s t . i n g  WUOT s c o u r  c ? s t i n a t i r ~ g  

p r a c t i c e s  a r e  a p p r o p r i a t e  o r  w h e t l ~ e r  o t h e r  methodology s h o u l d  be u s e d .  

R e s u l t s  p o i n t  o u t  t - h a t ,  wherc  u n i f o r m - s i z e d  c o h e s i o n l e s s  s t r e a m b e d s  e x i s t ,  

c o r r e c t  e s t i m a t i n g  methods a r e  s a t i s f a c t o r y .  However, a t  b r i d g e s  o v e r  s t r e a m s  

h a v i n g  g r a d e d  bed m a t t t r i a l s  c u r r e n t .  e s t i r n a t e s  of  s c o u r  d e p t h s  arc? e x c e s s i v e .  

A p r o c r d u r e  f o r  est.ir?dti~r& t.hr?sc? l a t t e r  depzhr; h a s  beell deve1opc.d and is 

prc?cerit.c!d hcrt! i 11 fot- u s e  h y  WDOT a n d  o tk ic rs .  
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RIVERBED SCOUR AT BRIDGE PIEX 

The purpose for undertaking this study was to ascertain whether current 

methods used Sy the Washington State Department of Transportation (WDOT) sre 

appropriate for estimating riverbed scour depths around bridge piers. If 

predicted depths sre excessive, costs of construction would be too high. At 

the same time, bridge integrity relies on having piers penetrating 

sufficiently deep to avoid undermining and failure. 

Research was organized to first examine over 35 different prediction formulae, 

three of which are used by WDOT. A literature search and analysis of 

information examined suggest that the WDOT methodology is appropriate in 

instances where bridges span st:earns that have uniform sand/small gravel bed 

materills without cohesive properties. However, 28 existing bridges in the 

state that were visited during the study are located over streams that have 

graded bed material rather than uniform, small particles. in these cases, 

evidence suggests that present methodology predicts scour depths that are too 

great. 

An estimating procedure, referred hcrein to as the University of Aukland (New 

zealand) mc.thod or simply the IJAK method, has been devoloped during recent 

years for application to streanbeds having graded materials with some 

armoring. This procedure estimates dcour depths from 25 to 40 percent of that 

from present methodology when both are applied to the graded streambed. 

Adtiitionally, it compares quit-e favorably to actual scour rneasw-ements at 

srveral cxisting bridges in the state. 

Hvidc?nce a w l  nrialyses presented in the report support the conclusions that 

when sand bed streams or those with essentially uniform, relatively small- 

sized materials are t9 be considered, present methods for prediction of scour 

depths should be used. When a graded and/or armored bed exists, the UAK 

procedilre is a~propriat.r!. 



The Washington State Department of Transportation (k'W1') presently utilizes a 

prediction equation commonly known as the Laurson and Toch equatioa to 

estimate scour depth immediately around a bridge pier situated in a stieam. 

This equation is 

where ds is the depth of local scour, b is the width of the pier, and yo is 

the depth of flow approaching the pier. The right-hand side of this formula 

needs to be multiplied by factors which take into account the alignment of 

piers in the flow path and the shape of the pier in ~ l a n  view. 

This and many other similar prediction formulae all were developed from 

empirical studies using uniform sized and shaped media (various sands, small 

gravels, and glass beads for example) with little or no cohesive or 

interlocking qualities as streambed material. Research persons recognize well 

the phenomena that contribute to scour around bridge piers but a generally 

applicable prediction tool has not yet been found. 

The reason for this is that bridges are built across stream with a wide 

variety of bed materials--fYam clays to uniform sands and gravels to 

gradations from clays to gravels. Eroding qualities of these different 

materials are dependent upon both streanflow parameters and parameters of the 

streambed. It is difficult, if not impossible, at the current state of 

knowledge, to develop one prediction technique -hat is suitable for all 

locations. 

Washington State environmental statues and regulations require that any 

construction activity that disturbs riverbed material must be cottducted within 

a water-tight enclosure (a cofferdam, for example) sa ecology of the stream is 

not adversely upset. Costs for such enclosures vary according to the enclosed 

area and the depth to which that area is to be excacated. Accordingly, these 

costs depend upon the depth to which a bridge pier must he installed so that 

scour will not damage it. 

In view of these and related safety factors, are the techniques used by WDOT 

appropriate for predicting scour depths? This quesion was addressed by the 

resaarch upon which this docurnent reports. Part 111 of the report sununarizes 



a rather extensive review of past literature of scour at bridge piers to 

assess reliability of current practices. Subsequent parts present a recently 

developed technique that appears to be better suited to many Washington bridge 

locations and suggest a procedure for its application. This new technique 

then is compared with scour measurements made at several bridges in 

Washington. 

111. LOCAL SCOUR AT WJDGP, PIERS, A REVIEW 

a) Plow Fields and Scour.--The downward flow velocity at the nose of a bridge 

pier and a vortex system (comprised of a horseshoe-vortex, a wake-vortex and a 

surface roller) are the basic components of flow fields that cause local 

r ivc:r!)cltl s r o t ~ r  at or near bridge piers. Figure I illustrates such a flow 

field. Raudkivi ( 4 0 ) ,  attributes downflow to a local pressure gradient. When 

the approaching flow encounters the stagnation point located at the pier nose, 

the velocity is zero throughout the vertical plane of symmetry. However, the 

approach flow velocity, Uo (part A of Fig. I), decreases from near the free 

surface downward to ihe bed, so the stagnation pressure, p ~ $ 1 2 ,  also 

dccreascr; with depth. This pressure gradient causes the approach flow to 

"dive" at the pier nose. 

This downflow has a unique velocity distribution which is governed by pier 

shape, approach flow conditions, and bed material properties. Experiments by 

Ettema (17) revealed that, for a circular cylinder and no scour hole, the 

maximtxm downward velocity is approximately 40% of the mean approach velocity. 

W 1 1 c . n  :;(our o c . c . u r s .  I tic* ~n; l x im\~ :n  tlownf low veLoc.ity Is about 80% of Uo. 

I,ailrsen and Toch (29) indicate that as the approach flow encouxit2rs the 

upstream face  of a pier, scparatiort takes place and backflow occurs along the 

streambed creating a roller. This roller is quickly converted into spirals as 

flow progresses downstream and around the sides of the pier. These spirals, 

forming a "horseshoe" shape, extend several pier diameters downstream before 

losing identity and becoming part of general turbulence. 

Wake vortices also arc generated by flow separation downstream from the pier 

nose. 1-Iere unstable shear layers roll inward forming snail whirlpools as 

shown in Fig. 1.' These whirlpools are wake vortices which periodically detach 

themselves from alternate sides of the pier and move downstream. 



Horseshoe-Vortox 

Stagnation Polnt 

F i g u r e  1. D e f i n i t i o n  S k e t c h  o f  F l o v  F i e l d  i n  t h e  V i c i n i t y  o f  a I ' i e r .  

The s u r f a c e  r o l l e r  d e v e l o p s  a t  th;  u p s t r e a n  f a c e  o f  t h e  p i e r  and c u i l s  i n  t h e  

o p p o s i t e  s e n s e  t o  t h a t  o f  t h e  h o r s e s h o e s  v o r t e x .  T h i s  r o l l e r  a f f e c t s  t h e  

s c o u r  p r o c e s s  o n l y  d u r i r g  s h a l l o w  f l o w s  when it  i n t e r f e r e s  w i t h  t h e  ~ p p r o a c h  

f l o w  and  c a u s e s  r e d u c e d  s t ~ e n g t h  i n  t h e  downflow. 

L o c a l  s c o u r  a r o u n d  a  b r i d g e  p i e r  w i l l  begi-n when t h e  dovnflow v e l o c i t y  n e a r  

t h e  s t a g n a t i o n  p o i n t  becomes s t r o n g  enough t o  overcome r e s i s t a n c e  f o r c e s  o f  

t h e  bed p a r t i c l e s .  Once t h e s e  f o r c e s  a r e  exceeded ,  p a r t i c l e s  w i l l  b e  

d i s l o d g e d  a n d  c a r r i e d  downstream by t h e  h o r s e s h o e  v o r t e x  a n d f o r  t h e  wake 

v o r t e x .  A f t e r  a  s c o u r  h o i e  b e g i n s  t o  o c c u r ,  

. . . t h e  v o r t e x  r a p i d l y  grows i n  s i z e  and s t r e n g t h  a s  a d d i t i o n a l  
f i u i c t  a t t a i n s  a  downwards componcnt and the  s t r e r i g t h  o f  t h e  
t iovnfiow i n c r e a s e s .  The magnltucir of  t h e  downflow n e a r  t h e  bo t tom 
of t h e  s c o u r  h o l e  d e c r e a s e s  as t h e  d e p t h  o f  t h e  h o l e  i n c r e a s e s .  
A t  a c e r t a i n  s t a g e ,  e q u i l i b r i u m  is r e a c h e d  ( M e l ~ ~ i l l e ,  3 1 ) .  

h) L o c a l  Sc:our P a r a m e t e r s . - - L o c a l  s c o u r  may occur  e i t h e r  a s  1) c l e a r - w a t e r  

s c o u r  when s e d i m e n t  is removed from t h e  s c o u r  h o l e  b u t  i s  n o t  r e p l e n i s h e d  by 



t h r  approach f low,  o r  2 )  l i vv -bed  s c o u r  when sediment is cont . inuously 

t r l n s p o r t ~ d  i n t o  t h e  s c o u r  h o l e  hy t h e  approach f low (Chdbert  and Enge ld inge r ,  

1 2 ) .  In t h e  f i r s t  c a s e ,  l o c a l  v e l o c i t y  i s  less than  a  c r i t i c a l  v a l u e  w h i l e  i n  

t h e  second r a s e ,  t h e  c r i t i c a l  v e l o c i t y  is exceeded.  C r i t i c a l  v e l o c i t y  is t h a t  

rec1uirc.d f o r  g e n e r a l  bed movement. 

E q u i l i b r i w n  s c o u r  dep th  i n  c l e a r  wa te r  s c o u r  is approached a s y m p t o t i c a l l y  when 

t h e  downflow a t  t h e  nose  of t h e  p i e r  is no longe r  a b l e  t~ d i s l o d g e  o r  remove 

p a r t i c l e s  from t h e  b ~ t t o m  of  t h e  s c o u r  h o l e .  I n  l i ve -bed  scou r ,  t h e  

e q u i l i b l - i t m  d e p t h  is reached when, ove r  a  p e r i o d  of t ime,  t h e  a v e r a g e  amount 

of sediment  s u p p l i e d  t o  t h e  h o l e  e q u a l s  t h e  ave rage  amount removed. I n  t h e  

l a t t e r  i n s t a n c e ,  t h e  s c o u r  d e p t h  is n o t  c o n s t a n t .  I n s t e a d ,  it p e r i o d i c a l l y  

f l u c t u a t e s  abou t  a  mean v a l u e  due t o  t h e  pas sage  of bed forms,  such  a s  dunes 

and r i p p l e s ,  through t h e  s r o u r  ho le .  F i g u r e  2 shows t h e  v a r i a t i o n s  of s c o u r  

dep th  w i th  time. 

In 1960, Shen, e t  a l .  ( 4 6 ) ,  concluded t h a t  t h e  r e l a t i o n s h i p  between 

e q u i l i h r i m  s c o u r  dep th  i n  uni form bed m a t e r l a l  and mean approach v e l o c i t y  is 

a s  st~owrl i n  F i g .  '3 which i n d i c a t t . ~  t h a t  t h e  mdximum s c o u r  dep th ,  dsm, e x i s t s  

j u s t  b e f o r e  i n s l p i c x t  motion of  t h e  s t reambed.  However, r e c e n t  s r t i c l e s  by 

Raudkivl  and E t t e n a  ( 4 1 ) ,  J a i n  and F i s h e r  (231,  E t t e n a  (171,  M e l v i l l e  (331,  

and Raudkivi  ( 4 0 )  r e v e a l  t l t a t  t h i s  r e l a t i o n s h i p  must be mod i f i ed  t o  a -count  

f o r  w h e t t ~ e r  t h e   articles on t h e  s t reambe4 a r e  r i p p l e  o r  n o n - r i p p l e  forming 

s ~ d i m e n t s ,  uni form o r  non-uniform i n  s i z e .  

Raudkivi  and Ettema ( f t l ) ,  developed F i g .  f4 which shows a  d imens ion le s s  

r e l a t i o n s h i p  between s c o u r  dep th  and approach v e l o c i t y  f o r  b o t h  r i p p l e - f o r m i n g  

par t  i c l e s ,  wi t t l  metin d i ame te r ,  d ,  l e s s  t h a n  about 0.7 nm, and n o n - r i p p l e  

f orrnirty, ~,:irt i c l v s ,  tl > 0 . 7  mm. Maximum s c o u r  dep th  occu r s  a t  one of two peaks  

depending on  thrl approach bed p a r t i c l e  s i z e .  For n o n - r i p p l e  formirlg 

p;irt i c  les ,  t he mnximlrm s c o u r  depth o c c u r s  a t  t h e  t h r e s h o l d - t o - p a r t i c l e - m o t i o n  

(TPM) c:on(iii ion which a g r e e s  wit.h t h e  f i n d i n g  of Shcx~, et a 1  ( 4 6 ) .  ilowever, 

f o r  r 1 f or-mi I-IR t ~ ( i  p a r t i c l e s ,  t h e  maximuni s cou r  dep th  o c c u r s  d u r i n g  t.he 

t ~ r a n s i t i o n  1.0 a f  ].at bed c o n d i t i o n .  

Ettema ( i 7 )  devc l!nped F i g .  5,  which s!?ows t h e  r e l n t i o n s h i p  be tveen  s c o u r  dep th  

and appx-oazh vc!ocity f o r  non-uniform p a r t i c 1 . e ~  h a v i ~ ~ g  a geomet r i c  s t a n d a r d  

d e v i a t i o n  of  p a r t i c l e  g rad ing ,  o = f  3 .5  ( d e 4  and d16 a r e  bed g 
nat.c.r i a l  s i z c s  exceedirig 84 and  16 p e r c e n t ,  r e s p e c t i v e l y ,  of a l l  ma t l e r i a l s )  . 
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'r'hc curve for nun-ripple forming, uniforln particles from Fig. 4 also is 

inclutied . 

For- the non-uniform particle curve, equilibrium scour depth increases almost 

linearly during early stages of live-bed scour. As the approach velocity 

i r ~ ~ . t  eases, t~ouever, arrnoring of the hed occurs and scour depth asymptotically 

i -c~ ;~c I~c~s  .i p e a k .  ' T h i s  pcdk occ-urs when the velocity acting on the bed 

particles reaches a value capable of moving the armoring particles (Uoc). 

rile height of this peak is governetl by the quantity of fine particles being 

transported above the armor layer. If particles are generally coarse, the 

armor layer may reduce sediment transport to zero, thus creating a clear-water 

scour condition. As stated by Raudkivi (401, this will cause the equilibrium 

scour depth to increase, causing the peak to rise, as shown by the dashed line 

in Fig. 5. If the sediment is generally fine, a layer of sedi~ont may be 

transported over the top of the armor layer. This sediment. transport will 

reduce the scour depth due to the passage of ripples and dunes through the 

scour hole. 

As the flow velocity increases still further, it will exceed a magnitude that 

moves the armcr layer. This causes a rapid increase in the upstream sediment 

t ransport  rate, and tkhus a rrtitict.ion in local scour due to an influx of 

sediment Into the scour hole. 

From these findings, Kaudkivi ( 4 O ) ,  stated that the rnaximun scour depth for 

non-uniform sediments will most likely occur during the tracsition to a flat 

bed condition. These findings disagree with the Shen, et al. relationship for 

uniiorm ripple forming sediments (shown in Fig. 3). 

c) Dimensianal Analysis.--Hopkins, et a 1  (20) wrote in 1980: 

Over the past century many investigators have attempted to develop 
a simple scour prediction formula. . . . It appears thzt a set of 
varinbles were arbitrarily selected and data collected over a 
1 imi t . ed  range to determine their relationship to scour depth . . . 
T h i s  approach has left 11s with a large number of sometimes 
curif 1 i c : t . i r ~ ~  f~urmul;.is to predict scour. 

I I . i t  I t . . ~ s t  one reasor! why thcre now exists a multitude of scour 

prcyiiction formulae that result in n diversity of estimated local scour 

J~pths. In order to study this diversity and arrive at a rational assessment 

of the many formulae, variables which influence local scour now will be 



identified and arranged conunonly into cornparable fomlae. Scour predictions 

then can be compared. Many of the following stateaents were extracted from 

the writings of Breusers (16). 

Earlier paragraphs have discussed many factors that influence bridge piers 

They ma)! be grouped as fol lows (I\reussers, c t 8 I .  1 1 ): 

1. Stream fluid variables--density, 1 1 ,  and vl...icosity, , of 1 l u l d .  

2. Stream flow variables--depth, yo, and velocity, Uc, of the flow 

approaching the pier and stream discharge, Q. 

3. Streambed materials--grain size distribution, grain diameter, d, 

sediment density, ps, and cohesive properties. 

4. Pier size and shape--dimensions, shape in plan, surface roughness, 

number and spacing of piers, orientation to approach flow 

direction, and pier protection (such as 

Cost and complexities associated with measuring and analyzing all of these 

variables have led many researchers to limit experimental and/or analytical 

study hy a) assmiing that differences in density, viscosity, and the 

accrlcration due to gravity between labcratory and field streams can be 

neglected; b )  restricting study to steady, uniform flow fields that are 

unconstricted by bridge structures; c) considering alluvial, non-cohesive, 

uniform particle-sized bed materials; and 0) working with singlk piers that 

are perfectly smooth and aligned with the approach flow and without scJur 

protection systems. 

These limitations reduce a very long list of variables that affect scour 

depth, ds, to eight. Written in functional form: 

Here, b is width of the pier. Many investigators have replaced Uo with the 

shear velocity Us = m, (S is bed slope). Dirnensiox~al analysis provides 

(from Rreusers, et al., 10) 

Many investigators assume that '? = ps-;/,, = 1.65 and that there is an 

empirical relation between lI*,-d/\~ and Uac2/ ~ g d  fctr initiation of streanbed 



partic:le mot ion. Uac is the crit-ical value of shear velocity, i.e., that at 

which motion begins. With these assumptions, 

This last relationship contains the dimensionless parameters most cormnonly 

found in local scour prediction equaticns. In non-uniform streambed 

materials, a factor must be included to represent size variation. This can be 

cK = J d i ( I l d z ;  this factor also is dimensionless. 

d)  Ycour Depth Prediction Formulae Comparisons.--Table 1 presents 37 different 

prediction formulae which have been developed by various investigators. They 

are listed in both their original and coffiparative forms and are catagorized 

according to their variable groups. Those equations which have not previously 

been rearranged by investigators are listed under Group 5. Table 2 shows the 

various "rets" of equations which re.cent investigat.ors have attempted to 

compare. Anderson (2) and Jain (23) conducted coaparisons using laboratorv- 

derived data while Jones ( 2 4 )  and Raudkivi ( 4 2 )  used field data. 

Anderson rearranged ten equations and compared them graphically. Most of the 

equations contained both y,,/b and tl/= terms' and his graphs are shown in 

Figs. G and 7. The data points shown in these figures are taken from 

experiments conducted by Shen, et al. (46), and Chitale (14). 

Figure 6  suggests that several equations predict comparable scour depths (ds) 

when Uo/= is between about 0 . 2  and 0 . 6 .  (These values occur at relat-ively 

low stream flows; flood flows usually have U o / G  greater than 1.0.) 

Predicted scour from these formulae agree reasonably well with the 

experimental data also. Figure 7 shows that four cf the equations estimate 

comparable scour depths when yo/b is between 0.3 and 0 . 5 ,  i.e., at low stream 

flows. Anderson concluded that a "bast" equation could not be identified 

because data at relatively high streamflow were unavailable. 

Jain and Fjscher (22) conducted experiments at small depths (high values of 

ll,/fi,Z) and compared their results with those of seven other investigators 

(see Table 2). These cornparisol~s considered eqnations which estimated maxmum 

s t  our 3ept 11, r:=t her than equili brium scour depth. Experimelttal data developed 



T a b l c  !. P r e d i c t i o r .  Formulas  

I<,is,tk ( 6 )  d, = 0.558 b0.586 d s / b  = 0.55F b o a 4 I h  S I  u n i t s  

Ulcncli ( 8 )  u*/yo - - 1.8 ( ~ / Y , ) O * ~ ~  d,/b = I . ~ ( ~ , / b ) 0 . ' ~ - ~ , / b  I)* = Scocr  t i c p t h  f roil 
c , j ter s u r f a c e  

C t  tenL* and  
i',auc!kivi ( U A K ) ( 4 1 )  

l . a r ~ r s e n  a n d  'I'ocl~ I 
( 2 9 )  [ t r a n s f o r m e d  
b y  E;ci11 ( 3 4 ) j  

Some K, = c o e f f i c i e n t  f o r :  
gcac:c.tric stnnd;ir.2 
d e v i c ~ t i o n  of g r , : i i~  s i z e  
d i s r r i t ~ u t i o u  ( e q u a l s  ! .2 
f o r  un i fo r r :  s t i d i n c - n t )  

d,, = 1.05 K , K ~ ~ ~ * ~ ~  d,,/b = 1.05 ~ ~ t : ~ b - ~ . ~ ~  KS = r,ult. f ? c t o r  f o r  i i ; ~ ~  

sl al'e 
I:,, -; i ; r : l t .  f s c t o r  f u r   it% o t  



A p p e n d P i x  A 

F i e l d  ! l ca s~r renen t s  of Local Scour a t  Br idges  i n  Washington State 



T h i s  s p p e n d i x  r e p o r t s  on f i e l d  i n v e s t i g a t i o n s  per formed d u r i n g  t h e  s u m e r  o f  

1980. T u e n t y - e l g h t  e x i s t i n g  T t a t e  r o u t e  b r i d g e s  were v i s i t e d  t o  assess l o c a l  

sc.our a t  i n t e r m e d i a t e  pic:rs. Oniy  minor  s c o u r  had o c c u r r e d  a t  most  o f  t h e s e  

s i t v s  a n d  measurements  would n o t  s e r v e  a  u s e f u l  compar i son  w i t h  t h a t  e s t i m a t e d  

by s e v e r a l  p r r d i c t i o n  f o r m u l a .  D e t a i l e d  s c o u r  measurements  were ~ n a d e  a t  s i x  

s i l c l s  wl~c:rt: sc.our was s i ~ ~ ~ i f i c a r ~ t .  

'I'hc. W;~,.t~ir~gt on t)c~piirtmcr~t o f  *I 'r;i~i\l>ort a t  i o n  Bridge  C o n d i t  i o n s  o f f  i c e  m a i n t a i n s  

f  i  1t.s on t h e  p h y s i c a l  c o ~ i d i t  i on  o f  ~ .ac t i  s t a t e  r o u t e  b r i d g e .  These  f i l e s  were 

examined t o  d e t c ~ m i n e  where  l o c a l  scorlr  a t  p i e r s  had o c c u r r e d .  The 28 sites 

shown or1 F ig .  A . 1  were  s e l e c t e d  and  e a c h  was v i s i t e d .  Dur ing  the f i r s t  

i n s p e c t i o n  t r i p  t o  t h e  S o u t h - E a s t  Region ,  it became e v i d e n t  t b a t  many s i t e s  

d i d  n o t  p o s s e s s  amplr. s c o u r  t o  w a r r a n t  d e t a i l e d  measurements .  Twenty two of 

t h e  s e l e c t e d  s i t r s  were docurnt?ntt?d o n l y  s u p e r f i c i a l l y  d u e  t o  i n s u f f i c i e n t  

s c o u r .  1nforni;zt ion  {:athereti  a t  t h e  r e m a i n i l ~ g  s i x  sites is p r e s e n t e d  here. 

The f i e l d  proc:edure nf: e a c h  s i t e  c o n s i s t e d  o f  1) d o c i m e n t i n g  c h a n n e l  geomet ry  

i n c l u d i n g  i d e l ? . t i f y i n g  c h a n n e l  p a t t e r n  and  measurement o f  t h e  b r i d g e  waterway 

c - I -oss -s ,~c t . iona l  c t  imc:nsions, 2 )  cbv;a lrrnt i n 8  : h e  t y p e s  and c h a r n c t : e r i s t i c s  of t h e  

st rc*;lr~~t)c.tl ~ I I I L I  I l k  ~ r i i l s ,  i111d 3 )  tlt:l.crmining 1oca.l s c o u r  by m e a s u r i n g  

d e p t h s  at v n r i o u s  l o c a t  i o n s  a round  t h e  p i e r ( s ) .  I i e s u l t s  o f  t h e  f  i e l c  

i n v e s t i g a t i o n s ,  t o g e t h e r  w i t h  h y d r o l o g i c  i n f o r m a t i o n  g a t h e r e d  from U.S. 

( ; e o i o g i c n l  S u r v e y  st rt:amf low r e c i l r d s  and WSUOT " a s - b u i l t "  b r i d g e  c o n s t r u c t i o r  

d r a w i n g s ,  a r e  presc:nt.ed on  t h e  f o l l o w i n g  p a g e s .  



F i g u r e  Al. I o c n c i o n  of Stud;: S i t e s .  



Hritflgc* l k s c r i p t i o n  
Lcc,itiri  I n  t t l c  S . F .  I ! & ,  N.W.  1 / 4 ,  S E C .  2 3 ,  T 13N, Fr ?W, WM, t h i s  284 f t  (86.6  
1 ' 1  I c s n c r c l t e  'I-beam b r i d g c  w,iy  b u l l t  i n  1952. I t  is s u p p o r t e d  by two 
c o r ~ c r e t  e  a t~u tnre r l t s  and t h r e e  38 f t  l o n g ,  3 f t   wid^, (11.5 m x 0.9 m) 
s e m ~ r i r c u l a r - n o s e d  corlcr t - te  p i e r s  founcicd on c o n c r e t e  s p r e a d  f o o t i n g s  ( s e e  
F i g .  A!). 

H y d r o l o g y / ~ y d r a u l i c s  
' lho r i v e r  u p s t r c m  f rom t h e  b r i d g e  h a s  a  d r a i n a g e  a r e a  of  155 s q  m i  ( 4 0 1  s q  
krnt anti a v a l l e y  s i o p e  o f  0 .0066.  The 1 0 0 - y e a r  r e t u r n  i n t e r v a l  f l o o d  is t h e  
d e s i g n  c i i sc t la rge  arid is 9 , 1 8 0  c u b i c  f e e t  pc:r second,  o r  c f s  ( 2 6 0  m3/s) ,  w h i l e  
t t lc  a v c r a g e  n l~r lua l  d i s c h a r g e  is 500 c f s  ( 1 4 . 3  m 3 f s ) .  The d i s c h a r g e  a t  t h e  
t i n e  o f  t h c  i n s p e r t i o n  was e s t i m a t e d  t o  b e  85 c f s  (2 .b m3/s) .  

' l t ~ c .  i I 0 4 s  scrt lor1 of t t ~ r  b r i t f ~ r  w a t e r w ~ i y ,  F i g .  A2, taras a d e s i g n  f l o w  d c p t h  and 
I low . i r  \.a o t  10. L f t  arld 2,2/ t0 s q  f t  , r c s p e c t i v e l p  (4 .9  m and  208.4 sq m). 
'lflcsv value..; uoitld c r e a t e  a n  a v e r a g e  v e l o c i t y  t h r o ~ z l l  t h e  waterway o f  4 f e e t  
p e r  sc.cond [ f p s j  ( 1 . 2  m/s)  d u r i n g  t h e  d e s i g n  d i s c h a r g e .  

Stream Channel 
A l r t ~ o u g h  t h e  r i v e r  brhrrds s l : ~ r p l y  t o  t h e  r ~ o r t h v e s t  j u s t  downstream from a  
s i s t c l ~ -  Oridgt', tilt' st tidy b r i d g e  is l o c a t e d  o v e r  a l o n g  g r a d u a l  bend o f  t h i s  
mo.ir~.if~r I I I R  rivt.1-. Sir i i  c c o n s t r t r c t  I o n ,  a l a r g c  cn1ALe d e p o s i t ,  F i g s .  A 2  and  
A L ,  , i n i f  two ~ s l a n d s  haw. formed just u p s t r e a m  f m ~  t h e  b r i 4 g e  and t h e  
appr o ~ c h  f l o w  now is d i v i d e d  i r t t o  t hrrc? c h a n n e l s .  FZow t h r o u g h  t h e  r , o r t h e r n -  
r iost  c l ~ a r l r ~ e l  c u r : t a ~ t \  I ' i ~ r  2 a t  35 dcbgree skew.  

'Thr-o-lg!rout t h e  s t ~ ~ d y  r-~,*ci l ,  t h e  st-ream bed is c a v e r e d  by a n  a rmor  l a y e r  of 
robh1c.s r a n g ~ r ~ g  i n  di,inic:trr f rom 0 . 2  t o  1.5 f t  f .Oh t o  0.46 m ) ,  F i g .  A3b. 
Uridr~t- t h i 5  ;irmor Inyclr a r c  g r a d e d  s a n d s ,  g r a v e l s ,  and c o b b l e s .  Bank m a t e r i a l s  
a r e  I d y e r e d  c o b b l e s  arid g r a v e l  cemented b y  s i l t s ,  s a n d s ,  and  c l a y s ,  F i g .  A3c. 
A s t t . c p  cut thank ciovnstrf-am, shown I n  Fit. A3d, i n d i c a t e s  t h a t  a  s i g n i f i c a n t  
[ I $ I I  I il.11 c b f  t 1 1 f t ' , ( *  (r~rnc~rit i r l ~  1 i r l f - <  ;ire. c l a y .  

S c o u r  a t  the  I3it?rs 

F i g u r e  A 4  shows e x t e n s i v e  l o c a l  s c o u r  a t  t h e  ups t ream n o s e  o f  P i e r  2 .  The 
riraximum dey1t.h mrasurc:d was 3.4 f t  ( 1  m) helow water s u r f n c e  a t  t h e  t i m e  o f  
neasurrarnent wbich,  a c c o r d i n g  t o  "as b u i l t "  c o n s t r u c t i o n  d r a v i n g s ,  is 6 . 1  f t  
(1.85 n) below s t r e a m b e d  l e v c l  a t  time of c o n s t r u c t i o n .  T h i s  s c o u r  h a s  
cor:!pIetely undermined t h e  upstr-<>am 8 .5  f t  ( 2 . 6  rn) o f  t h e  p i e r  leziving it 
c a n t i i c v e r e r i  o v e r  t h e  s c o u r  h o l e .  Tht? p e d e s t a l  is exposed  a l o n g  w i t h  t h e  p i e r  
on the .  n o r t h  s i d e  w ? i i l c  on t h e  s o u t h  i t  i.s covered  by a  g r a v e l  b a r .  (The  
b r i d g e  was witierit?d i n  1976 and t h e  p i e r  was exterided b u t  t h e  p e d e s t a l  was 
n o t .  j 
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1 i .  (Continued) 

1::vest i p , i t ~ r  O r  i g i n ' l l  Formnl i i  Cortpa rison F o r m  L R<,7 ,3  t :. s 

l,.iu:-sen 1 1  (27) b / \ ,  = 5.5 d,/y,[(ds/ry,+l)1*7-1] d, /b  = i . I 1  [y,/bj0.5 r = i j roport  i o ~ a l i t y  
f a c t o r  f u r  d s  

r = + !1.5  

AI,ci,td ( : j n* = ~ ~ ~ 0 . 6 7  d , /b  = ~ , ( ~ ) ~ * ~ ~ ( ~ , / b ) ( ~ ) ~ . ~ ~ - y , / b  q = Coyo 
Rs = p i e r  sl~aiw 

coef f. v.lrics b e t u c c n  

- 1.2-2.3 
C 

Bats (7) dslyo = 10(~~/gy,-3d/y,) ds/b = 10(y,/b)~~ d/yo = G 

C h i  t a l e  (14) d,/y, = 6.65~-0.51-5.13~2 d s / b  = ( ~ . h 5 ~ - 0 . 5 1 - 5 . 4 9 ~ ~ ) ~ ~ / b  

I P O  1 fi&/b = 1.7 (q0.67/b)0.78 d,,/b = 4.95 (y,/b)0.75~:0.5-d/yo I)$, = c~nxi in i ln  
[ L r,iils f or:ncd by s c o u r  ~ 1 t . j r L l i  t ran 
T1ion:ls (L9) ] v ~ a t c r  s u r f ~ c e  

(1 = (Y")(U,) 



Table  ' 1 .  ( C m t i n r r e d )  

I n ~ ; < . s t  i ~ ~ i t o r  Or ig ina  1 Formula Compnrison Format 1:en.i r k s  

-- 
-- 

.J,iin 2 1  ( 2 3 )  ds,jb = 1.84 (y ,1b )0 .~  Sdme Fc = UC/ I ' R Y ~  

J ; l i i ~  111 ( 2 3 )  For ( F  - F,) ( 0.2 Use l a r g e r  of Jain I o r  J a i n  I1 

d,,,/yo = 0 . 3 i 2 . 1 5 ( a / y o ) 0 . 4 ~ 0 . 3 3  asm/b  = 0.3~,/b+2.15(~,/b)~.~~~.~~ 
a = w i d t l i  of 2bstruction 

nor r ia l  ts f l o v  
( f o r  p i e r s  = b )  

Sane 

f o r  y,/b > 1.5 
Fp < 0.25 

Kg = given grapl:!cally 

quoted f r o n  E reuse r s  
et 31. ( i 0 )  

r- 
S i ~ e n  111 ( L 7 )  d , j b  = 11.0 F~~ d,/b = !!.o ( y , / b ) ~ Z  Fp = ll,/ v gb 

V n r z e l i o t i s  ( 5 3 )  d,,/b = 1.43 (q0.67/b)0.72 ds,/b = 1.43 (g)0.24(yo/b)0.72~u-24-yO/b 

g r a p l r i c a l  form 



T a b l e  . I .  (Cont inued)  

!.:ve:;t i;:.ttc)r O r i g i n , l l  Fotxu1:l Coiti[);x r i  son Form;? t 1!~2~.;1 rL.5 

Br>n;~:o~lndas I ( 9 )  d,/y, = a i  [b /yo-0 .60]0*33f*  a i  = 4 . 6 5 - 2 . 5 5  Uc/C', f o r  1 < C',/U, < 1.6 
a i  = 2.55 (U,/Uo) f o r  i .fl < U,/U, 

V,/U0 = ((s,-i)/~] [ d / y o ] o . 7  
f *  = gra)lllic:ally dcter~nincd 
Ss = s p e c i f i c  g r a v i t y  of  bed n a t e r f a l  

ai = 2.00 - 0.88 U,/U f o r  U,/U < 1 
n = ?  

Grnri[lc ( 18) ds/y0 = 4.0 n lv12n3;;(F 1 .  I n  q = (W-b)/W 
II .; v:ltPr s u t - f , ~ c e  w i d t h  

3 ,  and n arc7 f u n c t i o n s  of the j w r t i c l c  dr,i): 
c c c f  E l  cen t ,  Frorick. 11t1n1:)er . ~ n d  p i e r  s l~ , lpe .  



E::i,:cr ( 5 )  nodc!ed ds/b = g1[Kltanh(K2yO/b)]g2g3 
, i f  c e r  B ~ - e i l ~ t ? ? ~  (!O) 

Ki and KZ = f(C) 
C = (P,-p)gd3/pv 
81 " f(U,/U,) 
6 2  = £ ( p i e r  shape)  
63 = f(aag1e o f  a t t a c k )  

f l  = f(U,/V,) 
f 2  = f ( p i e r  shape)  
£ 3  = f (angle  oE attack) ", .. 1-54 6 0 . 3  yoo.l "0.5 

0 

SI units, c i r c u i a t  pier 
appro:<.  = Shen I1 

w = fall velocity of scd .  in m / s  
n = 1 i f  U, > C D ~ '  

U*,, = (gu~)o.33 



Table 2 .  Bridge P i e r  Scour Pormaxlas Gc>mparcd by Various Investigators 

Investigators 

Eql~at ion Anderson Jain Raudkivi Jones 
1973 ( 2 )  1979 ( 2 3 )  1981 ( 4 2 )  1984 ( 2 4 )  

Ahmad X X 
Arunachalam X 
Hlrwch X X 
Bonasoundas I1 X 
Hrrlesers 1 X X X X 
Ch;ibc.rt & Eng . 

i tale X X X 
(:o I tman X 
C.S.U. X 
Grandc X 
Har~du I X X 
Inglis-Lacey X 
Jnglis-Poona X X X X 
Jain 11 X X 
Larras X X 
Lnurscn I1 X X X X 
I.aursen & Toch I X X 
1,aursc.r. & 'I'och I1 X X 
Stwn 11 X X X X 
Shcn I11 X 
Sl1c11 I V  X 



I C t ! i t a i e  Dot. 1141 
Shen D o t o  (46) 

Figure  6 .  S c o u r  P r e d i c t  i o n  l ~ o r ~ u l  ar ~ o m ~ a r i s o n - - ~ ~ / ~  
( f r o m  Anderson ,  2 ) .  

F i g u r e  7 .  Scotlr P r e d i c t i o n  Yormul r ~ e  Conip'irison--p / h  
( f  rom A n d t ~ r s o n ,  2 ) .  o 
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by Hancu (19), Jain and Fischcr ( 2 3 ) ,  Chabert and Engeldinger (12) ,  and Shen, 

et al. (47) were used t.o compare the eight formulae. 

They concluded that formulas by Larras, Shen, et al. 11, Laursen and Toch, and 

Jain 11 were apprcpriate for use because they generally predicted scour depths 

less I han '10 per-cent greater than measured ones (see Fig. 8). Of these four 

equations, only those by Laursen and Toch and by Jain met the criterion that 

overprediction by less than 30% rTas "satisfactory," for most of the data. 

.lanes (214) compared nine formulae all but one of which are the same as those 

analyzed by Anderson and/or Jain, Table 2. Figure 9 shows plots of various 

equations and field data from Louisiana bridge sites. The figure shows that 

predictions by the Neill and Laursen 11 formulae agree well with the meager 

data available; however, Jones suggests that the field data c,.llected did not 

necessarily coincide with flood flows, so maximum scour depths may not have 

occurred. Field data was meager and only for low values of yo/b. 

Raudkivi and Sutherland (42) compared 17 prediction equations with actual 

scour depths measured at four New Zealand bridge sites. They cancluded that 

many of t t ~ e  prediction equations gave reasonable estimates of scour but. "this 

is no guarantee of their validity." 

IV. SCOUR DEFEf P H ~ I C T I O N S  BY UkSmGmEi 
DEf'hKFfEP~ OF TRAi.!SI)ORTJIFION 

Washington State Department of Transportation now uses, and has used, the 

Laursen and Toch equation to estimate likely scour depths at bridge piers. 

The Neill formula and the Colorado State University formula then are used to 

"check and compare" the predicted depths. Each of the formula was empirically 

derived using uniform bed materials and a11 three are judged by comparisons 

discussed in Part I11 t o  be appr~priate at least within the range of 

streamflows studied. lu'o one formula can he cited as "best" for general 

pr~diction. 

This research ex;~niricd no situations in Washington in which predicted scour 

depths were Icss than actual ones. Some exist, not from the standpoint of 

t i  a i I r h r r t  scour t~oles have occurred at bridge piers t.11at have 

required some maintenance. The number of these occurrences is small. This 

record suggests that the present practice of PI-edicting scour depth is 



0 3 
P r e d  i c 

F i g u r e  8. - P r e d i c t e d  vs  Observed Exper imenta l  Scour 1)epths 
( f r o m  Jai.n and F i s i ~ c , r ,  2 3 ) .  

[oRef  12 /',Ref If) AKef 23 *I{cf ( 47 ;  d a E ; a f ; l l l i n ) :  
between s o l i d  and d a s l ~ e d  lints are estinlatccl scours t l ~ n t  
exceed  o b s e r v e d  ones  by 30 p e r c e n t  o r  l e s s . ]  

T:ii;,jrc 9.  I ' r e d i c t e d  Scour vr; 1,ouis iana  Field I h t a  
(from .Jones, 2 4 ) .  

[&Chi  t a l e  Data ( 1 4 )  eS11t.n Data (46)  v~/'$'.o. 5 I 



s a t i s f a c t o r y  a t  l o c a t i o n s  where r i v e r b e d s  a t  c r o s s i n g  sites a r e  uniform 

mat-er ia ls  such  a s  sand and s m a l l  g r a v e l s .  

V. SCOlTR PREDICTION AT RlXX?B.DS idITR 
N O r n I F O R H  R E D  HATWLAfS 

a )  Genera l  Remarks.--Twenty e i g h t  b r i d g e s  i n  Washington S t a t e  were v i s i t e d  

du r ing  t h e  cour se  of t h i s  r e s e e r c h  i n v e s t i g a t i o n .  k t  most o f  t h e s e  l o c a t i o n s ,  

exposed strecambed and bank m z t e r i a l s  were non-uniform i n  s i z e ,  i .e. ,  f i n e s  t o  

r a t h e r  l a r g e  g r a v e l s  and,  i n  some l o c a t i o n s ,  small t o  m e d i m  bou lde r s .  

S i g n i f i c a n t  arrnoring of t h e  streambed was observed i n  most c a s e s .  

Only one of t h e  37 s c o u r - p r e d i c t i o n  formulae  i n  Tab le  L i n c o r p o r a t e s  a  non- 

uniform bed m a t e r i a l  parameter .  T h i s  is t h e  one a t t r i b u t e d  t o  Et t ima and 

Raudkivi  i n  Group 1  of Tab le  1 and h e r e a f t e r  r e f e r r e d  t o  a s  t h e  UAX fcrrnula.  

A geometr ic  s t a n d z r d  d e v i a t i o n  o f  s i z e  d i s t r i b u t i o n  is included i n  t h i s  

formula .  Th i s  one f a c t o r  g e n e r a t e s  a s c o u r  depth  p r e d i c t i o n  t h a t  i s  much less 

than any  of the o t h e r  formulae  i n  Tab le  1, given t h a t  a l l  o t h e r  c o n d i t i o n s  a r c  

t h e  same. 

T h i s  formula was compared w i t h  t h e  ones  t h a t  c i ~ r r e n t l y  a r e  used  by WDOT and 

wi th  dc t , i i  l r d  sc.oclr measurenients a t  s i x  o f  t h e  b r i d g e s  in spec ted .  Before  

d e s c r i b i n g  t h e  comparisons,  d i s c u s s i o n  of c e r t a i n  c o n s t a n t s  and c o e f f i c i e n t s  

i n  t h e  p r e d i c t i o n  formulae is a p p r o p r i a t e .  

b )  Effect of Pier Shape.--Chabe~:. and Engeldinger (12)  s t u d i e d  t h e  s i x  p i e r  

shapes  p re sen ted  i n  F i g .  10 and found t h a t  P i e r s  1 ,  2, 3, and 4 have 

approximate ly  t h e  same maximum scour  d e p t h s  for t h e  same approach flow 

c o n d i t i o n s .  The maximum scour  d e p t h  f o r  p i e r  6 is between 33% and 86% of t h e  

scour  d e p t h  f o r  p i e r s  1 ,  2 ,  3 ,  and h and t h a t  f o r  p i e r  5 is 50% t o  100% of 

t h o s e  f o r  p i e r s  1 t o  A .  The h i g h e r  s c o u r  denth  r a t i o s  correspond t o  h i g h e r  

approach flow v e l o c i t i e s  ( B r u e ~ c r s ,  et a l . ,  10) .  

1.aursetr ( 2 8 )  s t u d i e d  t h e  s i x  p i e r  shapes  p re sen ted  i n  Tab le  3. 1Ie found t h a t  

t h e  shnpr  c o e f f l c i e n t c j ,  K, ( d e f i n e d  a s  t h e  r a t i o  o f  s cour  dcp th  f o r  a 

p ~ r t i c . u l n r  shape  t o  t h e  scour  dep th  f o r  a r ec t angu la r  shape ) ,  r e l i a b l y  could  

be used by d e s i g n e r s  t o  a d j u s t  s cour  dep th  f o r  p i e r  shapes .  I n v e s t i g a t o r s  a t  

Colorado S t a t e  I ln ivr r -s i ty  ( 4 3 )  p re sen ted  K, va lues  shown a l s o  i n  Tab le  3 .  



c )  T?w Effect of Angle of A t t a c k . - - N e i l 1  (35) and r e s e a r c h e r s  a t  C o l o r a d o  

S t a t e  U n i v e r s i t y  ( 4 3 )  s d g g e s t  t h a t  t h e  L a u r s e n  !28) r e l a t i o n ,  shown i n  F i g .  I1  

is a p p r o p r i a t e  f o r  a d j u s t i n g  s c o u r  d e p t h s  f o r  a n g l e  o f  a t t a c k .  The ordinat :e ,  

k,, is t h e  r a t i o  o f  s c o u r  d e p t h  at a n  a n g l e  o f  a t t a c k ,  a, t o  t h a t  a t  z e r o  

angle of a t t a c k .  

1. 2. 3. 4 .  5 .  6. 
C y l lndr lca l  Round Double  J o u k o w a k i  Oglva i  L c n t i = u l a r  

Nosed P l e r  
V J ~ :  h 
W o b  

F i g u r e  10. P i e r  S h a p e s  S t u d i e d  by C h a u b e r t  and E n g e l d i n g e r  ( 1 2 ) .  

d) The Effect of Sediment S i z e . - - F i g u r e  1 2  shows i r l f l c e n c c s  o f  r i v e r b e d  

s e d i m e n t  s i z e  on  s c o u r  d e p t h  ( E t t e m a ,  1 7 ) .  Ir shors two d i s t i n c t  g r o u p s  o f  

d a t a ,  t h o s e  s e d i m e n t s  which  form r i p p l e s  (dSO > 0 . 7  m) and t h o s e  t h a t  do n o t .  

No f u n c t i o n a l  t r e n d s  e x i s t  when dS0 is l e s s  t h a n  0 . 7  rm (0 .028  i n . ) .  When dS0 

i s  g r e a t e r  t h a n  0 .7  mm, a c u r v e  is d e f i n e d  t h a t  e x h i b i t s  two d i s t i n c t  t r e n d s ;  

when b/d50 is Less t h a n  some c r i t i c a l  v a l u e ,  s c o u r  d e p t h  i n c r e a s e s  w i t h  

i n c r e a s i n g  b/ds0,  w h i l e  f o r  b/ds0 g r e a t e r  t h a n  t h e  c r i t i c a l  v a l u e  s c o u r  d e p t h  

r e a c h e s  a maximum d e p t h  of 2 . 3  times b and  t h e n  a p p r o a c h e s  a  c o n s t a n t  v a l u e  o f  

a b o u t  2.1 t i m e s  b. 

F i g u r e  1 2  is i n s t r u m e n t a l  i n  d e s i g n i n g  p i e r s  f o r  p o t e n t i a l  s c o u r .  The 

d e v i a t i o n  of t h e  d a t a  from t h e  ljne i n  t h e  f i g u r e  s u g g e s t s  some a l l o w a n c e  

s h o u l d  be made f o r  i n a c c u r a c i e s  o f  t h e  l i n e .  When t h e  d a t a  is  r e p l o t t e d  on a 

l o g a r i t h m i c  g r a p h ,  F i g .  13, l i n e s  t h a t  e n v e l o p e  t h e  d a t a  c a n  h e  drawn. T h e s e  

l i n e s  c a n  b e  u s e d  t o  e s t i m a t e  u p p e r  l i m i t s  o f  p o t e n t i a l  s c o u r  and a r e  
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ds/b = 0.5(b/d~~).~~ when b/d50 < 18 

d,/b = 2.3 when b/dS0 > ! 8 

e) The Effect of Sediment Grading.--In 1971, Nicollet and Hamette (37), 

g > t , h l  isticxd F i g .  1h showing t h r  effects of sediment grading on scour depth 

resulting from experimental meas~re~~ents. Experimental tests were coqducted 

at velocities corresponding to th resho ld- to -par t i c le -mot ion  conditions for 

material sizes shorin (lJ/Uc = 1.0). The results revealed that the maximum 

scour depth in mixed gravel sediments will be approxin~ately 25% less than 

those for each uniform sediment. 

Ettema (17) published Fig. 15 in 1980 which shows the relationship of maximum 

clear-water scour to the geometric standard deviation of sediment grading, a 
g 

= ji---'- 84/d16. The ordinate, K O ,  is the ratio of equilibrium scour depth in n o w  

uniform sediqents to that in uniform sediment. This figure reveals that scour 

depths i n  river gravels with ug > 4.0 are only about 20% of the depths found 

in uniform sediment, i.e., sediment grading significantly influences scour 

klt>pt 1 1 .  E'igt~rr.s 1 4   rid 1 5  arc. c-onsistent in this respc.ct. 

f) Prr.tlict ion Formula and Comparisons. --The three formulae presently used by 

thr W a ~ h ~ n ~ t o n  State Uclpartment of Transportation are shobm below. Also shown 

are the Shon I1 formulz and the ?iM formula. These will be used to compare 

estimated qcour depths at specific bridge sites where non-uniform stream bed 

materials exist. 

CSU ds/b = 2.2 fyo/b)35~.43 

L.ar11-sen-Toch I ds/b = 1.5 (y~/b)O*~ 

S?IPII 1 1 d,/b = 3.4 (F)~." (yo/b).33 

Nc: i I 1 ds/b = constant 

Corrcction factors ncrtl to be inserted in each fornula to adjust from a square 

pier to actual shape and to allow for skew angle different from zero. In 

thesc. equatror~s, b is effective pier width, d, is depth of local scour below 

streambed I c v e l ,  # is the gravitational acceleration (= 32.2 ft per sec per 
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is a p p r o a c h  f l o w  d e p t h ,  Ko is a  c o e f f i c i e n t  o f  s e d i m e n t  g r a d i n g ,  F = 

l'', Uo is s t r e a n  v e l n c r t y  a p p r o a c n i n g  a  p i e r ,  and  yo is a p p r o a c h  f low 

d e p  t-1:. 

Eat!) of t h e s e  f o r m u l a ,  w i t h  a p p r o p r i a t e  c o e f f i c i e n t s  ~ n s e r t e d ,  were  u s e d  t o  

e s t i m a t e  s c o u r  d e p t h  a t  e a c h  o f  s i x  e x i s t i n g  b r i d g e s  i n  Washington S t a t e .  

P a r a m e t e r s  a t  e a c h  o f  t h e  s i t e s  were  d e t e r m i n e d  by o n - s i t e  i n s p e c t i o n s  and 

mt>asurernents. Appendix A p r o v i d e s  d e t a i l s  o f  t h e  f i e l d  measurement  p rJgram.  

The p r e d i c t e d  s c o u r  d e p t h s  a r e  shown i n  T a b l e  4. 

A:. t h e s e  b r i d g e s ,  t h e  f i r s t  f o u r  f o r m u l a e  e s t i m a t e  l o c a l  s c o u r  d e p t h s  

c o n s i d e r a b l y  g r e a t e r  t h a n  t h o s e  measured  i n  t h e  f i e l d .  The r e a s o n  f o r  t h i s ,  

o f  c o u r s e ,  i s  t h a t  a l l  o f  t h e s e  f o r m u l a  were d e v e l o p e d  f o r  u n i f o r m - s i z e d  bed 

m a t e r i a l s .  Measured s c o u r  o c c u r r e d  i n  m a t e r i a l s  h a v i n g  c o n s i d e r a b l e  g r a d i n g ,  

i . e . ,  a e x c e e d e d  3 .5  a t  a l l  l o c a t i o n s .  Thus,  o n e  would e x p e c t  o v e r -  
F7 

e s t i m a t i o n  by t h e s e  f o r m u l a e .  The UAK f o r m u l a  is f o r  u n i f o r m l y  g r a d e d  

m a t e r i a l s  s o  i ts  p r e d i c t i o n s  a p p r o x i m a t e  measured  s c o u r  rntrch b e t t e r .  S c o u r  

m ~ a s u r e d  a t  t h e  l a s t  t h r e e  o f  t h e  s i t e s  l i s t e d  i n  T a b l e  4 p r o b a b l y  was 

c o n s t r a i n e d  by u n d e r l y i n g  p e d e s t a l s  a n d / o r  f o o t i n g s  t h a t  were exposed .  

Tablc 4 .  P r e d i c t e d  Scour Dept-hs i n  Non-llnifom Bed H a t e r i a l s  

Study S i t e  

Bricigr 5;t.e 517162 507/102 5071128 90 /82S 1?/706 12/725 
Eq:~at ion Newac~kam Skookumchuck Nisqually S.Fk. Snoq. Touchet Tucannon 

( 1 )  ( 2  1 ( 3 )  ( 4 )  ( 5 )  ( 6  

- 
C.S. I I .  1'3.6 5 .5  214. ga 17.3 1 1 . 7  12. 7 b  

Laur+er~-l'och 1 25.  R 6 . 5  25.1 13 .8  9 .3  l f r .  7 

Sttcri I i  15.7 6 . 4 34 .0  27.0 16.5 15 .7  

N e i l l  1 7 . 2  4 . 5  3 1 . 4  14.0 5.7 20.0 

t;AL 5.2  1.4 8.0 4 . 3  2.1 5.1 
-- 

F i e l d  
!l~asci~-ernen?.s 6 . 1  1.7 8.0 2.8 1 . 7  3.3 

 not.^: U n i t s  i n  f r e t ;  1 f t  = 0.305 rn. "Computed u s i n g  fou!idntion w i d t h ,  i5.7 f t  
b~omi)uted u s i n g  pedestal  w i d t h .  10 .0  f t .  



The field measured scour depths shown in Table 4 were documetlted during 

sununer, 1986. Ts this sufficient for the above comparisons. A1 terriatively, 

one may ask how scbur depths following a flood just-ifiably can :>r ccrnparr?d 

with actual scour dept-hs measured after low flows. nac:kf illing of tire scour 

hole may occur during the flood recession in sand bed channels. In graded and 

armored channels, such as those investigated, less backfill is likely. 

Figure 16 relates flow velocity, U, and the particle diameter, d, for a bridge 

site on the Newaukum River, one of those sites at which field measurements 

were made. This curve, based on incipient particle motion attributed to 

Shields (Arn Soc of Civil Eng'rs Manual of Practice No. 54, N.Y., 1977, p ,  96) 

shows the velocity required to move a particle of size d. The average 

velocity through the bridge waterway during a 100-year flood is only 4 ft/s 

(1.2 m/s). Assume, for example, that local flow velocities around the pier 

reach 10 ft/s (3.1 m/s). Figure 16 indicates that 3 inch (76.'2 mm) part icles 

are the largest wtrich could be movrd at this velocity. 

Analysis of t-he upstream bed during the field investigation rrvt>aled it is 

protected with armor particles, diameters ranging from 2.5 to 12 in. (61 to 

305 mm).  Since the armor particles are interlocked, it is unlikely that even 

the smallest bed particles move downstream and fill tha scour Irole. On the 

other hand, if the upstream bed or suspended load in the stream consisted of 

sands, ranging in diameter from 0.01 to 0.1 in. (0.15 to 2.5 m m ) ,  these 

particles could be trallsporteti into the scour hole at flood recession 

velocities as low as 0.5 ft/s (0.15 rn/s). When this occurs, this sized 

material would be observed in a scour hole xnd generally on the riverbed. 

This deposition was not ohserved so the measured depths in Table 4 should 

represent something near maximum depths. Maximum daily flow at this site was 

5360 c fs (150 m3/s) on February 24. 1986. 

At tuo of the six sites examiried in the field measr~remer~ts program, local 

scour had exposed pier footirrgs which were observ~d during slte vjsitation. 

At these locations, any significant refilling of t h e  scour holp would have 

covered the footings. These cases also suggest that thr measilred depths in 

Table 4 represent maximum scour. 
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g) Graded S t r a m b s d  Raterial. --The " g r a i n  s i z e  d i s t r i b u t i o n  curvr?" p o r f  r a y s  

g r n p h i c a l y  t h e  v a r i a t i o n  i n  s i z e  o f  p a r t i c - e s  t h a t  c o n s t i t u t e  a s t r e a m b ~ d  o r  

hank.  F i g u r e  1 7  shows : h r e e  such c u r v e s .  'I'hc. l ini  f o r m  c u r v e  i r ~ i i i ~ . n t  rs  t hat  

t h t ~ r e  is v e r y  l i t t l e  r a n g e  of p a r t i c l e  s i z e  i n  t h a t  s,implc,. Arl exanplc of 

t h i s  wouid b e  a n  a l l u v i a l  ( s a y ,  s a n d )  bed c h a n n e l .  'flla Well-Graded c u r v e  

i n d i c a t e s  s i z e  variation nf from l e s s  t h a n  0 .01  m tcs rnore t h a n  1 .0  null, a 

r a n g e  cf o v e r  two o r d e r s  o f  magni tude .  U n i f o r m i t y  and grad~rll; i-i uni t i f  lu-nc~:(I 

by the mean p a r t i c l e  s i z e ,  dSo.  

T h e r e  is n o  w e l l - d e f i n e d  and  u n i v e r s a l l y  a c c e p t e d  boundcry  between a u n i f o r m  

m z t e r i a l  and  a  w e l l - g r a d e d  orre. F o r  p u r p o s e s  h e r e ,  however ,  a a o f  2 . 4  o r  
P1 

l a r g e r  uiould c r e a t e  l o c a l  r i v e r b e d  s c o u r  less t h a n  h a l f  o f  t h a t  wit.h u n i f o r m  

m a t e r i a l  ( s e e  P i g .  15). Curve  C on F i 8 .  17 h a s  a ng v n l u e  o f  2 . 4  and any 

d i s t r i b u t i o n  c u r v e ,  r e g a r d l e s s  o f  t h e  d S 0 ,  w i t h  a  s l o p e  l e s s e r  t h a n  Curve C 

c o u l d  be c o n s i d e r e d  a s e l l  g r a d e d  m a t e r i a l .  

An a rmored  s t r e a m b e d  ( o r  b a n k )  is o n e  i n  whir l i  f i n e  r n a t ~ r i a l s  w i l l  I ~ , i v c a  bc1c.ome 

i rn t~-dded  among l a r g e r  p a i t i c l e s  s o  t h a t  same f r i c t i o n  and c o h e s i o n  between t h e  

m a t e r i a l  w i l l  c a u s e  protection a g a i n s t  e r o s i v e  f o r c c s  o f  s t r ru l - i f low.  

A d d ~ t i o n a l l y ,  arrnorinq is clugmc~ntcad by rhPrnlcal.  o r  L ~ i n l o g i c a l  adh-s iun  froi.1 

f o r e i g n  n a t e r i a l  i n  thn w a t e r .  A r n o r i n g  r e q u i r e s  a w e l l - g r a d e d  p a r t i c l e  

d i s t r i b u t i o n  on  s t r e a n b i ~ d s  o r  banks .  A w e l l - g r a d e d  m a t  r r i a l  may n o t  be 

a r n a r e d ,  however ,  l l n l e s s  ng is s u f f i c i e n t l y  l a r g e .  

h) n ~ m i a r y . - - T h e  UAK p r e d i c t i o n  f o r m u l a  e s t i m a t e s  s c o u r  d e p t h s  i n  g r a d e d  

s t rean tbed  m a t e r i a l s  abouL o r r e - f o u r t h  a s  g r e a t  as  d o  formt l lae  d e v e l o p e d  f o r  u s e  

w i t h  n n i  f o r m - s i z e d  m a t e r i a l .  T h i s  f o r m u l a  is b a s e d  on r a t h e r  e x t e n s i v e  

r e s e a r c h  o f  l o c a t  s c o u r  t o  u n l f o r m  b u t  d i f f e r e n t  s i z e d  m a t e r i a l s  a s  w e l l  a s  t o  

m i x t u r e s  of m a t e r i a l s  h ~ ~ i ~ i g  d i f f e r e n t  s i z e s .  Tht.  cxper i tner i t a l  ciat.1 a g r e e s  

w i t h  wic!ely a c c e p t e d  t h e o r i e s  o f  s t r e a m  p a r t i c l e  mot-ion, n a n e l y  t h n t  w j t h  

i , r g c  p a r t i c l e  s i z e s  a n d / o r  w1t.h l a r g e r  p o r t i o n s  o f  a l l  p a r t i c l e s  b i g g e r ,  

o v e r a l l  ero.c.ion i s  less. Al!di t ional  ly, c?xperimcr.tal evidence: shows t h n t  when 

p a r t  i ~ l e : ,  a p p r o a c h  a  u n i f o r m  d i s t  r i b u t  i o n ,  e r o s i o n  pv-dict*j(>ris s h o ~ ~ l d  a g r e e  

w i t  1 :  t h a t  f rom f o r m u i n  d e v e l o p e d  sper i f  i c a l  ly f o r  u n i f o r n  p a , - t i c l e  s i z e .  

Fipr:rc 15 i l l u s t r a t e s  t h e s e  a s p e c t s .  

S c o u r  prt:ciicted by the UAK f o r v ~ i l a  a g r e e d  q u i t e  wo17 w i t h  measured s c o u r  a t  

b r i d g e  cro:;inp, i n  Washinqt on S t a t e .  Measurements  wer t: made a t  s i x  b r i d g e  



sites only arid while this is insufficient to establish statistical 

relinbility, there is strong evidence that the UhK method is more 

appropriately applicable than the Laurson-Toch formula, or others presently 

used by WDOT, whenever graded materials are encountered. This evidence, the 

research results noted ahove, and the potential economic benefits of reducing 

tiepths to which piers need to penetrate streambeds all encourage the use of 

the UAK mathodoio~y in Washington State. 

VI. RE-ED PRKEDU'E FOR FSTIHATLr-dG SCOUR D E I m  
IN G W r n  sTREN.IRPJ) m m m  

Scour estimation using the UAK formula requires knowledge of the streambed 

materials. With this knowledge, a series of algebraic operatians, with curve 

reading, completes the estimation process. Gathering information about the 

streambed material is the initial step in estimating scour and, depending upon 

site conditions, may require cauti~n and extremely good judgment. 

Values of d16, dsO. and dg4 need to be determined. These values can be taken 

from a material gradation curve similar to those on Fig. 17. Such a curve can 

be developed by obtaining a sample(s) of the bed material in the vicinity of a 

proposed bridge pier and making a sieve analysis on the sanple. The 

gcomorphoiogicai history of the stream may dictate the sampling technique. 

During the long history of a stream's development, the channel may well have 

meandered laterally from valley wall to valley wall. In these cases, several 

layers of differ~nt material might have been deposited under the present 

channel. It is important to obtain samples that include the different 

rnaierials into which scour may penetrate. It is just as important to idontify 

lenses of fines (sands and clays) at various depths, if they exist. In large 

streams, several samples may be obtained to ensure that naterials are similar 

over the entire area of study or, if not, what the differences are. 

The gradation curve(s) from the sieve analysas can have any of many shapes; 

Fig. 17 shows three and F i g .  A6 on Page 46 shows another. The UAK procedure 

a.;sumes that the materials are fairly unifcrnlly graded, i.e., the size 

d i s l  rih~t ion ctirvcl is not ov~rly skewed toward any one size or narrow range of 

SLIPS. I f ,  for txxanple, sampling extracts a large stone in an otherwise sandy 

material, this is apt to be a rare chance occurrence arid sampling should be 

repeat~d. Wokever, if  an occasional large stone does, in fact, exist, the U h K  



procedure should not be applied thereto (resort to prediction by uniform 

material formulae, prhaps) or the prediction should apply to the grading of 

the materials that do not include the large stone. 

Once the gradat ior, curve is available, sizes of mat eria 1 t hat cot-t'rsporrcl to 

16, 50, and 84 percentiles can be determined. These, respectively, dre dltj 

dS0, and dg4. On Fig .  1 7 ,  the dg,, for CurveC is 0 . 4 n u n ,  thedS0 is 0 . 1 7 1 ~ ~  

and the d16 is 0.07 m. 

Step 2 is the prediction of scour for a rectangular-shaped pier (in plan) and 

oriented parallel with the streamflow. Knowing b, the anticipated pier width 

in the direction of the streamflow, and dS0 from Step 1, enter Fig. 13 to find 

ds/b. The mean value of scour depth now can be calculated as dsm = ds/b x b. 

Adjustments now will have to be made as in Steps 3-7 below. 

Step 3 is to determine KO . With previously determined values of d16 and dg4, 

compute og = (dg4/d16)'/'. Enter F i g .  15 with this value of og and find KO.  

S t e p  _i! is to determine K,. Calculate ~ / b  ( L  is pier Icngth) and enter F i x .  1 1  

with this and the angle, a, that the pier will he oriented tritll the 

streamflow. These two values will permit determination of K,. 

Step S is to Jetermine K,. This can be done using Fig. I0 and/or Table 3 

Step 6 is to establish a factor of ssfety, Kfs. Because there is but little 

data collected on actual scour depth in graded streambed material 

installations, reliability of the estimated scour depth is not well known. A 

purely heuristic approach is to select Kfs equal to 1!K, whenever ag is less 

t h a n  about 2.0. If K, is greater than 2.0, select Efs = 1.5. This nullifies 

scour depth reductions for material gradations when K, < 2.0 but allows for 
the full depth of scour when K, > 2.0. 

Lastly, S t e p  7 i s  to estimate the scour depth as 

Occasions may arise when footings or pedestals are required for load support. 

If these foundation structures protrude above the streambed level, thcir 

width, frontal shape, and orientation with the streai-i-flow should bp used in 



the above steps rather than the characteristics of the pier itself. If the 

tor of such a st ructrxre is originally at the streambed level, Local scour may 

develop rnore slowly than with a narrower pier, but it will develop eventually. 

Thus, the geometry of the foundation structure in this case also should be 

used to estimate scour depth. 

If the top of a footing is low-r than streanbed level hut at a depth below 

streambed less than estimated scour depth using the pier characteristi~s, the 

scour depth that should be planned would be based on the foundation geometry. 

Ifere, as above, the full scour may be slower developing but eventually, the 

full depth will occur. 
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