




In
this

study,
the

effects
of

Y/b,
Fp

and
F

on
the

scour
depth

have
been

investigated
as

the
em

piricalequations
considered

in
this

study
use

these
param

eters
forpredicting

the
scourdepth.

EflectofFroude
num

ber

The
relative

scourdepth,d/b
has

been
plotted

againstthe
Froude

ntunberfordifferentZ/b
ratio

and
d50

in
Figure

1.Itis
seen

from
the

plotthatthe
relative

scourdepth
increases

w
ith

the
increase

in
Froude

num
ber.Since

the
Froude

ntunberis
a

linearfunction
ofapproach

velocity,V,
itcan

be
said

thatfora
given

approach
depth,sourdepth

is
directly

proportionalto
the

approach
velocity.The

positive
relationship

between
the

scourdepth
and

the
Froude

num
berhas

been
used

in
various

em
pirical

equations
as

suggested
by

Shen
et.

al.,
Chitale

and
Bata

(Kabir,
1984).

M
oreover,the

scourdepth
increases

asthe
bed

m
aterialbecom

es
finer.

Eflecz‘ofApproach
D

epth

The
variation

ofd/b
w

ith
respectto

the
relative

approach
depth,Y/b

fordifferentI/b
ratio

and
d50

is
shown

in
Figure

2.
Here,

the
relative

scour
depth

shown
a

linearly
increasing

relationship
w

ith
the

relative
approach

depth.The
scourdepth

changes
w

ith
the

approach
depth

atan
average

rate
of1.95,w

hich
shows

only
m

inor
variation

for
differentpier

shapes
and

bed
m

aterials.
Laursen

has
estim

ated
this

rate
as

2.0
(G

arde
and

Raju,
1985),

w
hich

is
in

close
agreem

entw
ith

the
rate

of1.95
found

in
this

study.

EjfectofPierShape

Figure
3

shows
the

scourpattem
around

piers
offourdifferentshapes.The

sam
e

I/b
ratio

has
been

m
aintained

for
the

rectangular,
round-nose

and
sharp-nose

piers.
Am

ong
these,

the
sharp-nosed

pierhad
the

m
inim

um
scourand

the
rectangularpierhad

the
m

axim
um

scour.The
pattem

ofscouraround
the

pieris
sim

ilarfor
the

rectangularand
round-nose

shapes.However,
the

location
ofm

axim
um

scourdepth
is

nearthe
upstream

edge
for

allthe
piers.

The
effectof

piershape
has

been
incorporated

in
the

scourdepth
estim

ation
in

a
sim

plified
form

through
the

w
idth

ofthe
pier.However,

it
is

generally
observed

thatstream
lining

the
nose

ofthe
pier

can
reduce

the
scourdepth.
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fotm
dation

are
the

safety
againstthe

m
axim

um
scour,the

m
inim

um
grip

below
scourlevel

required
to

resistover-turning,sliding
ofw

elland
the

perm
issible

fotm
dation

pressures.

In
India,

the
practice

is
to

choose
a

prelim
inary

value
ofthe

depth
offoundations

according
to

the
Indian

Roads
congress

code
ofpractice

forBridges.
G

enerally,one
-third

of
the

m
axim

um
anticipated

scour
below

the
highest

flood
level

(H
FL)

is
provided

as
the

m
inim

um
grip

length.
Thus,the

code
recom

m
ends

thatthe
depth

ofthe
foundation

be
1.33

tim
es

the
designed

H
FL.

The
m

axim
um

depth
ofscouris

taken
astw

ice
the

norm
aldepth

of
scour.Terzaghiand

Peck
(1962)reportoffailure

oftw
o

bridge
piers.

O
ne

pierhad
its

base
placed

in
a

bed
containing

boulders
oflarge

size.
In

anothercase,the
base

ofthe
pierwas

established
deep

into
a

gravelstratum
.

Yet,during
seasons

ofhigh
water,the

piers
failed

due
to

scour.
Hence,itis

advisable
thatthe

base
ofthe

foundation
be

established
ata

depth
below

low
-w

aterchannelequalto
notless

than
fourtim

es
the

highestflood
level.

C
O

N
C

LU
S

IO
N

Scour
depth

can
be

predicted
to

a
reasonable

precision
w

ith
the

help
ofem

pirical
or

theoreticalcorrelations
involving

param
eters

like
silt

factor,
bed

factor,
depth

offlow
etc.

w
hich

affectthe
intensity

ofscour.
As

bridges
continue

to
fail

in
spite

ofthe
theoretical

precision,reliable
forecasts

ofscourneed
to

be
given

based
on

experience.
A

large
factorof

safety
helps

because
ofthe

uncertainty
involved

in
the

prediction
of

scour
depth.

It
is

advisable
to

follow
the

localstandard
code

ofpractice.
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In
the

U
SA,the

scourdepth
around

a
bridge

pieris
currently

calculated
using

the
H

EC
-

18
equation.

This
equation

was
developed

forpiers
founded

in
sand

and
there

is
a

sense
thatin

clay
the

depth
ofscouris

notas
large.

The
ptu-pose

ofthis
study

was
to

develop
a

m
ethod

for
clays,

silts,
and

dirty
sands.

The
SRICO

S
m

ethod
(http://tti.tam

u.edu/geotech/scour)
was

developed
on

the
basis

offlum
e

tests,num
ericaltesting,and

erosion
testing

ofthe
soil.

A
new

apparatus
called

the
EFA

(Erosion
Function

Apparatus)was
builtforengineers

to
testthe

soilfor
erodibility

in
the

laboratory.
The

output
ofthe

sim
ple

SRICO
S

m
ethod

is
a

scour
depth

after
a

given
tim

e.
If

a
hydrograph

is
used

as
input,the

extended
SRICO

S
m

ethod
can

be
used

and
results

in
a

scour
depth

versus
tim

e
curve.
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In
the

case
ofcohesive

soils
the

scourrate
can

be
thousands

oftim
es

slowerthan
in

the
case

of
cohesionless

soils.
Cohesive

soils
include

silts
and

clays.
According

to
the

unified
soil

classification
system

,silts
and

clays
are

soils
w

hich
have

m
ore

than
50%

by
w

eightofparticles
passing

the
0.075m

m
sieve

opening.Siltsize
particles

are
between

0.075m
m

and
0.002m

m
and

clay
size

particles
are

sm
allerthan

0.002m
rn.

Cohesive
soils

are
notclassified

by
grain

size
but

instead
by

theirdegree
ofplasticity

w
hich

is
m

easured
by

the
Atterberg

lim
its.

Because
cohesive

soils
scour

so
m

uch
slow

er
than

cohesionless
soils,

it
is

necessary
to

include
the

scourrate
in

the
calculations.

Indeed,w
hile

one
flood

m
ay

be
sufficientto

create
the

m
axim

um
scourdepth

z-max
in

cohesionless
soils,the

finalscourdepth
afterm

any
years

offlood
history

ata
bridge

in
cohesive

soilm
ay

only
be

a
fraction

of
emax.

The
scour

rate
effect

in
cohesive

soils
is

m
easured

by
the

erosion
rate

versus
shear

stress
curve

w
hich

can
be

used
to

calculate
the

reduction
in

scourdepth
in

the
case

ofcohesive
soils.

The
erosion

rate
2':is

defined
as

the
depth

ofsoilscoured
perunitoftim

e
and

is
conveniently

quoted
in

rrm
r/hr.

The
shear

stress
2'is

the
shearstress

im
posed

atthe
watersoilinterface

and
is

given
in

N
/m

i.
The

2'
vs.

r
curve

is
a

m
easure

ofthe
erodibility

ofthe
soil(Figure

1).
Typically

the
erosion

rate
2

is
zero

untilthe
criticalshear

stress
rs

is
reached

and
then

2
increases

as
r

increases.
The

2':
vs.

r
ctu"ve

can
be

m
easured

w
ith

the
EFA

(patentpending)(Erosion
Function

Apparatus)
(http://tti.tam

u.edu/geotech/sour)
(Briaud

etal.,
1999(a)).

In
the

EFA
(Figure

1)
a

soil
sam

ple
is

eroded
by

water
flow

ing
over

it.
The

sam
ple

is
collected

from
the

site
in

a
standard

thin
w

allsteeltube,placed
through

the
bottom

ofa
rectangularcross

section
pipe,and

a
lm

rn
protrusion

is
eroded

overtim
e.

Once
the

2':
vs.

r
curve

is
obtained

the
m

ethod
to

predictthe
pier

scour
depth

as
a

function
oftim

e
proceeds

as
follow

s.
Firstthe

m
axim

um
shearstress

rm
around

the
bridge

pier
is

calculated
(Briaud

etal,l999)(a)):

rm,=0.094pl/2
L

-
l

(1)
logRe

10
where

p
is

the
density

ofwater,
v

the
m

ean
approach

velocity,
and

Re
the

pier
Reynolds

num
ber.

Second
the

initialscourrate
2,.

corresponding
to

rm
,

is
read

on
the

z'
vs.

2"
curve.

Third
the

m
axim

um
depth

ofscour
em

is
calculated

(Briaud
etal.,l999)(a)):

em
,(m

m
)

=
0.18

Re0'635
(2)

where
Re

is
the

pierReynolds
num

ber.
Note

thatequation
(2)

gives
a

value
of

em
,

w
hich

is
very

close
to

the
one

for
cohesionless

soils.
Indeed

it
was

fotm
d

thatthe
m

axim
um

depth
of

scourin
clays

and
in

sands
where

approxim
ately

the
sam

e
in

flum
e

experim
ents.

In
those

sam
e

experim
ents

howeveritwas
found

thatthe
scourhole

in
clay

developed
to

the
side

and
in

the
back

ofthe
pierand

notin
the

frontofthe
pier.

This
indicates

thatforscourin
clay

the
frontof

the
pierm

ay
notbe

the
bestplace

to
installm

onitoring
equipm

ent.
Fourth,the

equivalenttim
e

reg
is

calculated.
The

tim
e

teq
is

defm
ed

as
the

tim
e

overw
hich

the
design

velocity
vdes

w
ould

have
to

be
applied

forthe
depth

ofscour
z

to
be

equalto
the

depth
ofscourreached

afterthe
hydrograph

spanning
the

design
life

of
the

bridge
r,,.,

has
been

applied.
The

tim
e

re,
is

calculated
as

(Briaud
etal.,1999)(b)):

I

1..(hrs)=73I10.Iyeerslim(palm/S))1'7°6(a(mm/hr))*“°
(3)

Fifth,the
scourdepth

e
versus

tim
e

tcurve
is

given
by:
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h
:pore

waterpressure
in

head
(variation

from
hydrostatic

pressure
relative

to
m

ean
waterlevel)

psg
;w

eightofunitvolum
e

ofthe
individualsand

grain
/1,.:variation

ofwaterpressure
acting

on
the

surface
of

the
bed

relative
to

the
initialwaterlevel

h’:excess
pore

waterpressure
z

:depth
ofthe

sand
layerm

easured
from

top
ofthe

sand
surface

as
datum

p_,.:density
ofsand

density
ofwater

gravity
due

to
acceleration

:porosity
ofwaterpart

:porosity
ofthe

sand
colum

n
(it=

/1,,+
2.,,/1,,:porosity

ofairpart)
2>-ix}->0Q‘Q

Substituting
equations

(2)and
(3)into

equation
(1),and

assum
ing

/1,,2
/1

,

0",+
pg/1'=

(p,
-

p)gz(1--/1)
=

constant
(4)

Thus,the
liquefaction

state
can

be
expressed

by:

(p._—
p)sZ(1-1)

(/>.—r>)sYz'(1-1)

E
X

P
E

R
IM

E
N

T
A

L
D

E
T

A
ILS

The
Shields

diagram
was

used
to

determ
ine

criticalshearvelocity,
u.c,againstm

ean
grain

size,
0'50.

The
relation

between
critical

shear
velocity

and
m

ean
grain

size
can

be
expressed

as:

u.,=0.034;?
(6)

where,
24.‘,is

in
m

/s,and
dso

is
in

m
m

.
C

riticalshearvelocity
can

be
converted

into
criticalm

ean
flow

velocity
(U6)by

using
the

follow
ing

logarithm
ic

expression
ofthe

velocity
profile:_

g
:

5.75log[5.5I-ii]
(7)

u"'c
dso

where,
ho

=
flow

depth.
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Bridge
foundations

m
ustbe

designed
to

w
ithstand

the
effects

ofscourfrom
extrem

e
flood

events
thatcould

potentially
occur

during
the

structure’s
life.

M
any

equations
are

available
to

assistin
the

prediction
ofscour

atbridge
crossings

butuntilrecently,
few

accounted
for

the
effects

ofgradation
and

none
for

the
effects

ofcohesion
and

consolidation.
N

o
quantitative

procedure
for

predicting
bridge

pier
scour

in
rock

has
previously

been
available

to
practicing

engm
eers.

R
ecognizing

this
need

the
U

nited
States

Transportation
Research

Board
Com

m
ittee

on
H

ydraulics,
H

ydrology
and

W
ater

Q
uality

identified
scour

in
erodible

rock
and

consolidated
m

aterials
as

one
of

its
top

three
hydraulic

problem
s.

One
of

the
m

ethods
that

have
been

developed
to

address
this

need
(Sm

ith
et

al.
1997)

is
based

on
the

Erodibility
Index

M
ethod

(Annandale
1995).

The
E

rodibility
Index

M
ethod

is
a

sem
i-em

piricalm
ethod

thatcan
be

used
to

estim
ate

the
erodibility

ofany
earth

m
aterial,including

cohesionless
granular

soil(sand,gravel
and

cobbles),cohesive
soil,andjointed

and
fractured

rock.

This
paper

sum
m

arizes
the

Erodibility
Index

M
ethod

and
explains

how
it

is
used

to
calculate

the
depth

ofscouraround
bridge

piers.
Application

ofthe
m

ethod
is

dem
onstrated

by
m

eans
ofa

case
study.

IN
T

R
O

D
U

C
T

IO
N

This
paper

introduces
concepts

that
can

be
used

to
explain

the
scour

resistance
of

com
plex

earth
m

aterials
such

as
rock,

slickensided
and

cohesive
clays,

and
also

non-cohesive
granularm

aterial.
A

sem
i-em

piricalapproach
thatcan

be
used

to
quantify

the
relative

ability
of

these
earth

m
aterials

to
resistscouris

presented,concom
itantly

w
ith

am
ethod

thatcan
be

used
to

calculate
the

depth
ofscouraround

bridge
piers.

The
firstbridge

pierscouranalysis
using

the
Erodibility

Index
M

ethod
was

conducted
for

the
N

orthum
berland

Strait
Bridge

(A
nglio

et
al.

1996)
(Figure

1).
This

analysis
entailed

verification
ofthe

Erodibility
Index

M
ethod

by
using

m
aterialproperties

and
estim

ates
ofthe

erosive
pow

er
ofwater

thatcaused
scour

in
rock

around
one

ofthe
bridge

piers.
Laboratory

1D
irectorW

aterResource
Engineering,G

olderAssociates
Inc.,44

U
nion

Blvd,Suite
300,

Lakewood,Colorado
80228.

2H
ydraulic

Design
M

anager,URS
G

reinerW
oodw

ard
Clyde,4582

South
U

lsterStreet,Denver,
Colorado

80237.
3Engineer,G

olderAssociates
Inc.,44

U
nion

Blvd,Suite
300,Lakewood,Colorado

80228.

38







occur
along

the
fractures

and
joints

in
the

rock,
and

along
the

fissures
and

slickensides
in

the
clay,before

failure
ofthe

blocks
ofrock

orclum
ps

ofclay
them

selves
occur.

M
aterialResistance

W
hen

scourin
a

com
plex

earth
m

aterialsuch
as

rock
is

considered,the
relative

ability
of

such
earth

m
aterials

to
resisterosion

is
defined

by
m

ultiple
param

eters.M
aterialproperties

that
determ

ine
scour

resistance
ofrock

include
intact

m
aterial

strength,
block

size,
shear

strength
between

blocks
ofrock,and

the
relative

shape
and

orientation
ofthe

rock
blocks.

B
y

m
aking

use
ofparam

eters
thatrepresentthe

relative
role

ofeach
ofthese

properties
to

resisterosion
it

is
possible

to
define

a
geo-m

echanicalindex
thatquantifies

the
relative

ability
ofearth

m
aterialto

resist
erosion.

Research
(Annandale

1995)
has

shown
that

the
relative

ability
ofother

earth
m

aterials
to

resisterosion,
such

cohesionless
silt,

sand,
gravela_nd

cobbles,
and

cohesive
earth

m
aterials,

can
also

be
quantified

w
ith

the
sam

e
set

of
param

eters
as

used
for

rock.
The

E
rodibility

Index,w
hich

is
identicalto

Kirsten’s
Excavatability

Index
(Kirsten

1982)is
defined

by
the

equation

K=M
,-K,-K,-J,

(1)
W

here
MS

=
intactm

aterialstrength
nm

nber;Kb
=

block
orparticle

size
num

ber;Kd
=

discontinuity
orinter-particle

bond
shearstrength

nm
nber;and

J8
=

relative
shape

and
orientation

num
ber.

Tables
and

m
ethods

to
quantify

the
constituentparam

eters
are

presented
in

Annandale
(1995),Kirsten

(1982)and
the

N
ationalEngineering

H
andbook

(NRCS
1997).

Erosive
Pow

erofW
ater

The
E

rodibility
Index

M
ethod

uses
stream

power,
w

hich
is

equivalent
to

the
rate

of
energy

dissipation
in

flow
ing

water,to
representthe

erosive
powerofwater.

(These
term

s
are

used
interchangeably

in
this

paper).
By

m
aking

use
ofthis

variable
itis

possible
to

quantify
the

relative
m

agnitude
ofpressure

fluctuations,w
hich

play
an

im
portantrole

in
initiating

sedim
ent

m
otion

and
m

aintaining
sedim

enttransport.
In

orderto
supportthe

hypothesis
thatthe

rate
of

energy
dissipation

can
be

used
to

represent
the

relative
m

agnitude
ofpressure

fluctuations,
Annandale

(1995)analyzed
observations

by
Fiorotto

and
R

inaldo
(1992)who

m
easured

pressure
fluctuations

under
hydraulic

jum
ps.

The
results

of
the

analysis
indicated

that
the

standard
deviation

of
pressure

fluctuations
is

directly
proportional

to
the

rate
of

energy
dissipation

(Figure
3).This

finding
supports

the
use

ofstream
pow

erto
quantify

the
relative

m
agnitude

of
the

erosive
pow

er
ofwater.

Increases
in

stream
pow

er
are

related
to

increases
in

fluctuating
pressures,w

hich
form

the
basis

ofthe
conceptualm

odelofthe
erosion

process
schem

atized
in

Figure
2.

A
m

ethod
thatcan

be
used

to
determ

ine
the

m
agnitude

ofthe
rate

ofenergy
dissipation

arotm
d

bridge
piers

are
presented

furtheron
in

this
paper.
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JErosion
Threshold

Line

Erosion
predicted

for
points

plotted
in

this
/I’

region
/I’

StreamPower

\
/,

/
/
”

N
o

Erosion
/
/
'

predicted
for

/
/
'

points
plotted

in
/
"

this
region

E
rodibility

Index

Fig.7
D

eterm
ination

oferodibility
ofearth

m
aterials.

D
eterm

ination
ofExtentofScour

The
extent

(depth)
of

scour
is

determ
ined

by
com

paring
the

stream
pow

er
that

is
available

to
cause

scourw
ith

the
stream

pow
erthatis

required
to

scourthe
earth

m
aterialunder

consideration.
The

available
stream

powerrepresents
the

erosive
powerofthe

w
aterdischarging

overthe
earth

m
aterial,whereas

the
required

stream
poweris

the
stream

powerthatis
required

by
the

earth
m

aterialfor
scourto

com
m

ence.
Ifthe

available
stream

pow
eris

exactly
equalto

the
required

stream
power,

the
m

aterial
is

at
the

threshold
of

erosion.
In

cases
where

the
available

stream
pow

erexceeds
the

required
stream

power,the
m

aterialw
illscour.

O
therwise,it

w
illrem

ain
intact.

Figure
8

shows
how

the
available

and
required

stream
power,both

plotted
as

a
function

ofelevation
beneath

the
riverbed,

are
com

pared
to

determ
ine

the
extentofscour.

Scour
w

ill
occurwhen

the
available

stream
pow

erexceeds
the

required
stream

power.
O

nce
the

m
axim

um
scourelevation

is
reached

the
available

stream
poweris

less
than

the
required

stream
power,and

scourceases.

The
required

stream
pow

er
is

determ
ined

by
firstindexing

a
geologic

core
or

borehole
data.

The
values

ofthe
E

rodibility
Index

thus
determ

ined
w

illvary
as

a
function

ofelevation,
dependenton

the
variation

in
m

aterialproperties.
O

nce
the

index
values

atvarious
elevations

are
know

n,the
required

stream
pow

er
is

determ
ined

from
Figure

4
or

5,as
conceptually

shown
in

Figure
9.

Figure
9

indicates
thatthe

stream
powerrequired

to
scoura

particularearth
m

aterialis
determ

ined
by

entering
the

erosion
threshold

graph
on

the
abscissa,w

ith
the

E
rodibility

Index
know

n,m
oving

vertically
to

the
erosion

threshold
line,and

reading
the

required
stream

poweron
the

ordinate.
Figure

10
illustrates

thatthe
process

is
repeated

as
a

function
ofelevation

below
the

riverbed.
The

values
ofthe

required
stream

poweris
then

plotted
as

a
function

ofelevation.
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0.65

-351=2.0-K,-K,-K,
Fr,°"“3

(5)
yl

Y1
I

/
E

I
I

~
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'_
/

ix
-I

1
\

-
-

-
1'

-
I_

.
fl

‘R
,

where
ys

=
scourdepth

(ft),y1
=

flow
depth

directly/ups’tr/eam
ofthe

pier
(ft),

K1
=

correction
factor

for
pier

nose
shape,K2

=
correction

factor......f6rangle
ofattack

offlow
,

K3
=

correction
factor

for
bed

condition,
a

=
pier

w
idth

(ft),
L

'=
length

ofpier
(ft),

Frl
=

Froude
N

um
ber

=
V1/(gy1)1/2,and

V1
=

m
ean

velocity
offlow

directly
upstream

ofthe
pier(ft/s).

W
ith

Yum
assum

ed
to

be
the

m
axim

um
scour,

the
scour

depth
estim

ated
w

ith
the

Erodibility
Index

M
ethod

can
neverexceed

this
value.

The
range

ofscour
depth

estim
ates

for
this

m
ethod

is
therefore

0
f

ysf
ymax.

C
A

S
E

S
TU

D
Y

:W
O

O
D

R
O

W
V

V
ILS

O
N

B
R

ID
G

E

The
W

oodrow
W

ilson
Bridge

over
the

Potom
ac

R
iver

is
an

essential
part

of
local,

regionaland
nationaltransportation

system
s

(Figure
12).

The
Bridge

carries
six

lanes
ofCapital

Beltw
ay

traffic
between

Alexandria,
V

irginia
and

O
xon

H
ill,

M
aryland

and
is

the
last

river
crossing

for
approxim

ately
50

m
iles

down
river.

Congestion
and

the
frequency

ofdraw
bridge

openings
form

arine
traffic

cause
traffic

delay
atthe

bridge.The
W

oodrow
W

ilson
Bridge

is
one

ofa
few

on
the

Interstate
highw

ay
system

thatcontains
a

m
ovable

span.
Under

currentCoast
G

uard
regulations,the

50-foothigh
drawbridge

opens
approxim

ately
240

tim
es

peryearto
allow

forthe
passage

ofm
arine

traffic
traveling

the
Potom

ac
River.

The
five-m

ile
section

ofthe
Beltw

ay
w

ithin
the

projectarea
serves

as
a

system
atic

link
forlocaltraffic

on
m

ajornorth-south
roadways

feeding
into

interchanges
atTelegraph

Road,US
R

outel,
I-295

and
M

D
210.

Furthennore,
the

eastern
half

of
the

Beltw
ay,

including
the

W
oodrow

W
ilson

Bridge,
is

designated
as

I-95
and

constitutes
a

criticallink
in

the
M

aine
to

Florida
interstate

route.Because
the

adjacentsection
ofthe

hectic
Beltw

ay
is

eightlanes
w

ide,
the

current
six-lane

W
oodrow

W
ilson

Bridge
represents

a
severe

bottleneck
on

the
highw

ay
system

.Furtherm
ore,

the
existing

W
oodrow

W
ilson

Bridge
cannot

last
m

uch
beyond

2004
w

ithoutm
ajor

structuralrehabilitation.The
inspections

and
repairactivities

atthe
Bridge

w
ould

result
in

extended
traffic

delays
and

increased
costs.

Replacing
the

Bridge
before

2004
w

ill
greatly

reduce
traffic

delays
in

the
area.

In
1992,

a
C

oordination
Com

m
ittee

ofaffected
jurisdictions

from
M

aryland,
Virginia,

and
the

D
istrict

of
C

olum
bia

and
local,

regional,
state

and
federal

govem
m

ents
began

investigating
solutions

to
the

traffic
problem

s
at

W
oodrow

W
ilson

Bridge.
The

Com
m

ittee
approved

a
“Preferred

Altem
ative”in

1996,w
hich

featured
a

facility
w

ith
side-by-side,m

ovable
span,tw

in
bridges

w
ith

a
70-footnavigationalclearance.

The
new

tw
in

bridges
w

ill
carry

10
lanes

oftraffic
plus

tw
o

future
H

igh
O

ccupancy
Vehicle

(H
O

V)
lanes.

The
new

Bridge
design

w
illclearthe

riverby
70

ft,w
hich

w
illreduce

the
num

berofopenings
by

m
ore

than
tw

o-thirds,
thus

decreasing
traffic

delays.
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ForpierM
10

colum
n

(4)ofTable
1

shows
the

value
ofSu

(kPa)orthe
SPT

blow
count,

w
hicheveris

applicable
according

to
the

log,atvarious
depths

below
the

riverbed
surface.

Note
thatSu

values
appearasdecim

alnum
bers;blow

cotuits
appearasw

hole
num

bers.
Colurrm

(5)of
Table

1
shows

the
estim

ated
values

ofMS.

Block
orParticle

Size
N

um
ber

The
borehole

log
m

aterial
descriptions

were
used

to
determ

ine
the

particle/block
size

ntunber,Kb.
Kb

was
assigned

a
value

ofone
forallm

aterials
exceptthe

hard
clay.The

hard
clay

ofthe
cretaceous

period
Potom

ac
group

was
assigned

a
value

of100.
The

reason
forusing

Kb
=

100
forthe

cretaceous
period

clay
is

thatthe
clay

is
so

hard
thatit

can
be

view
ed

as
softintact

rock
according

to
tables

in
Annandale

(1995).
Kb

determ
inations

for
pier

M
10

are
shown

in
colum

n
(6)ofTable

l.

D
iscontinuity

orInter-particle
Bond

ShearStrength
N

um
ber

The
shear

strength
num

ber,
Kb,

was
calculated

using
the

follow
ing

equation
(Annandale

1995):

K.=en(¢).
<8)

where
(I)=

8.1°forthe
very

softto
softclay

m
aterial,but=

30°
forallotherm

aterials.
Kb

values
w

ith
depth

forpierM
10

are
shown

in
Table

1colum
n

(7).

R
elative

Shape
and

O
rientation

N
um

ber

A
value

of
one

was
assigned

to
the

ground
structure

num
ber,

J5,
in

all
cases

(Annandale
1995).

J,is
shown

in
colum

n
(8)ofTable

1.

E
rodibility

Index
and

R
equired

Pow
er

E
rodibility

Index
(EI),

the
product

of
M

s,
Kb,

Kd,
and

Ks,
is

shown
in

Table
1

colum
n

(9).
The

power
required

to
scour

the
Potom

ac
R

iver’s
bed

m
aterial

was
determ

ined
using

Annandale’s
(1995)erosion

threshold
(W

ittler,etal.
1998)forlow

strength
m

aterials
(as

a
conservative

approach):

pR
=0.48-51°“

(9)
where:

pR
=

pow
er

required
to

scour
granular

m
aterial

(kW
/m

2).
Required

stream
pow

er
is

calculated
in

Table
1colum

n
(10)forpierM

10.53











threshold
forallearth

m
aterials,including

rock
and

cohesive
and

non-cohesive
granularm

aterial
and

has
been

applied
successfully

to
predict

the
onset

of
scour

of
rock

around
bridge

piers
(Anglio,etal.1996).

A
m

ethod
thatcan

be
used

to
predictthe

extentofscourby
com

paring
the

stream
pow

er
thatis

required
to

scourearth
m

aterialw
ith

the
stream

pow
erthatis

available
around

bridge
piers

is
also

presented.
The

m
ethod

requires
indexing

ofthe
earth

m
aterialunderlying

the
riverbed,

and
detennination

ofthe
required

stream
power

by
m

aking
use

ofthe
erosion

threshold
line

defined
by

the
Erodibility

Index
M

ethod.
In

addition
italso

requires
quantification

ofthe
stream

power
that

is
available

to
cause

scour.
This

is
determ

ined
by

m
aking

use
of

dim
ensionless

graphs
thatdefine

the
change

in
stream

powerasa
fim

ction
ofscourhole

developm
ent(Sm

ith,et
al.1997).

A
case

study
thatillustrates

application
ofthe

m
ethod

to
calculate

scouraround
bridge

piers
is

presented.
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An

alternative
equation

was
provided

by
Farraday

and
Charlton

(1983)
w

ho
considered

the
sizing

ofriprap
forthe

generalwater
envirom

nentw
ith

an
additionalcoefficientto

accountfor
flow

changes
in

certain
situations.

They
produced

the
equation

@
=c"1-"rt

(4)
y.

where
C

*
is

a
coefficientdeterm

ined
from

laboratory
and

field-testing,
yo

is
the

average
flow

depth,and
Fris

the
flow

Froude
m

unber.
Atbridge

piers,they
suggested

using
a

safety
factorof

2
and

a
corresponding

C
*

value
of0.28.

The
form

ofequation
(4),a

Froude
nm

nberm
ultiplied

by
a

coefficient,
is

a
usefulway

ofexpressing
m

any
riprap

equations.
This

m
ethod

has
an

advantage
overthe

stability
m

unberform
ulae

as
the

riprap
size

can
be

calculated
directly

forthe
given

flow
conditions.

Altem
atively,

sm
all-scale

experim
entalresults

have
also

been
used

to
develop

stone
size

criteria
specific

to
bridge-pierriprap.

Lauchlan
(1999)

provides
a

sum
m

ary
ofa

large
nm

nber
ofpier

riprap
size

prediction
equations.

Here
w

e
w

ill
discuss

a
nm

nber
ofthe

equations
and

com
pare

theirresults.

Breusers
etal.(1977)provide

riprap-sizing
criteria

based
on

previous
pierscourexperim

ents
by

Carstens
(1966),

Hancu
(1971)

and
N

icollet
and

Ram
ette

(1971).
It

was
determ

ined
thatfor

given
sedim

ent,
scouring

begins
athalfthe

criticalvelocity,
irrespective

ofthe
pier

diam
eter.

Breusers
etal.(1977)suggestthatthe

riprap
should

therefore
be

sized
so

thatthe
criticalvelocity

ofthe
stones

is
tw

ice
the

m
axim

m
n

m
ean

velocity
ofthe

flow
.The

resulting
equation

is
provided

below,where
Umax

is
the

m
axim

um
m

ean
flow

velocity.The
form

ula
is

based
on

Isbash
(1935)

using
E

=
0.85.

2

drso
=

2.83
—

(]l"“‘—
—

(5)
(5.-08

The
Isbash

(1935)
equation

was
also

rearranged
by

Richardson
and

D
avis

(1995)
to

give
equation

(6),where
U

=
m

ean
flow

velocity.
The

‘K’factoris
introduced

to
accountforvelocity

changes
associated

w
ith

differentpiershapes
(Table

1).
d

_0.692(11<r/)2
(6)

r50
(-51--

lie
Q

uazi
and

Peterson
(1974)

conducted
an

early
experim

entalriprap
study.

They
undertook

a
series

ofsm
all-scale

experim
ents

w
ith

a
riprap

layerplaced
around

a
round-nosed

pier,and
lying

flush
w

ith
the

bed.
They

developed
the

follow
ing

relation.
d

-0.20

NS,=1.14[-is-°-J
(7)

Also
based

on
experim

entalresults
is

the
equation

ofCroad
(1997),w

hich
is

in
the

sam
e

form
as

(7),butw
ith

the
addition

ofapiershape
factor,A.ll6

NS,=2.1A[-ii]
(8)

d
r5

0
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0.035,w
hile

Breusers
and

R
audkivi(1991)

give
0.009.

In
orderto

chose
the

m
ostappropriate

equation,the
reasons

forthese
differences

m
ustbe

assessed.

Breusers
etal.

(1977)
produces

a
significantly

larger
riprap

size
than

the
rem

aining
equations.

Forthis
equation

the
num

ericalvalue
ofthe

coefficientis
greaterthan

2.
The

other
equations

have
coefficients

less
than

1.

Conversely,equations
based

on
threshold

ofm
otion

type
criteria

tend
to

lead
to

rather
low

d,5O
values.

Forexam
ple,Breusers

and
R

audkivi(1991),Croad
(1997),and

C
hiew

(1995)
forb/dr50

=
4,produce

very
sm

allriprap
sizes.

The
reason

for
this

m
ay

be
thatthe

threshold
ofm

otion
approach

to
riprap

stability
is

notonly
affected

by
the

choice
ofcriticalcondition,w

hich
varies

substantially
w

ith
the

exposure
of

stones,
but

also
by

the
shape

of
the

stones.
The

drag
coefficientvaries

w
ith

the
shape

and
roughness

ofthe
stones

and
the

asym
m

etric
shape

ofrocks
also

introduces
an

unknow
n

liftforce
effect,R

audkivi(1990).
Therefore

any
equation

based
on

this
criterion

should
also

be
able

to
adaptto

changing
em

bedm
entlevels

and
stone

shape
factors.

G
iven

the
lack

ofconsistency
am

ongstthe
m

ethods,itis
prudentto

selecta
m

ethod
thatleads

to
conservatively

large
riprap

relative
to

the
otherrem

aining
m

ethods.
O

n
this

basis,the
m

ethods
ofRichardson

and
D

avis
(1995)

and
Lauchlan

(1999)
are

recom
m

ended
for

selecting
suitable

riprap
for

bridge
pier

protection,
M

elville
a.nd

Colem
an

(2000).
These

m
ethods

were
used

to
assess

riprap
size

requirem
ents

for
the

H
uttEstuary

Bridge
(M

elville
and

Lauchlan,
1998)

and
provided

good
agreem

entw
ith

m
odelstudy

results
(Lauchlan,M

elville
and

Colem
an,2000).

In
orderto

im
prove

confidence
in

the
use

ofriprap
size

prediction
form

ulae
it

is
necessary

to
com

pare
these

equations
to

field
results.

Also,
additional

laboratory
w

ork
could

include
assessing

riprap
layerperform

ance
underunsteady

flow
conditions.

C
O

N
C

LU
SIO

N
S

1.
Riprap

failure
m

echanism
s

are
affected

by
riprap

size.
Shearfailure

can
be

elim
inated

by
correctly

sized
stones.

2.
There

is
a

lack
of

consistency
am

ongst
existing

riprap
size

prediction
equations,

and
a

conservative
approach

follow
ing

the
m

ethod
of

Richardson
and

D
avis

(1995)
or

that
of

Lauchlan
(1999)is

recom
m

ended
as

appropriate
underm

ostsituations.
3.

Further
laboratory

and
field

studies
are

required
to

im
prove

confidence
in

the
prediction

m
ethods.

L
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channelthalweg,
bend

scour,
bed

fonns,
and

confluence
scour.

The
resulting

flow
depth

for
generaland

contraction
scourys

is
com

bined
w

ith
the

localscourdepth
ata

foundation
ds

to
give

the
totalscourdepth

atthe
fotuidation

(Figure
l),nam

ely

J*s)r0z‘aZ
=

J/s+
ds

(1)

A
sum

m
ary

ofexpressions
forthe

determ
ination

ofthe
various

scour-depth
com

ponents
atbridge

abutm
ents

is
given

below,where
sym

boldefinitions
are

given
atthe

end
ofthe

paper.
Additional

expressions
for

localpier
scour

and
lateralerosion

are
given

in
M

elville
a11d

Colem
an

(2000).
Use

ofany
scour

form
ulae

m
ust6I1SUI6

thatthe
expressions

are
relevantto

the
characteristics

(flows,
cham

ielparam
eters,

and
sedim

ents)
ofthe

site
under

investigation.
The

lim
its

ofuse,
assum

ptions,and
inadequacies

ofthe
form

ulae
should

also
be

established
before

the
form

ulae
are

applied.
Exam

ples
ofapplication

ofthe
m

ethodology
ofFigure

l
are

given
in

Colem
an

and
M

elville
(2000),Colem

an
etal.(2000),and

M
elville

and
Colem

an
(2000).

G
E

N
E

R
A

L
E

Q
U

A
T

IO
N

S

G
eneralequations

are:
A

=
W

y
forarectangularchannel

(2)
R

=
W

y/[W
+2y]

forarectangularCl18.I1I16l
(3)

V
=

Q
/A

(4)

q=Q/W
(5)

u*c
=

[¢9c(SS-l)gd5g]°'5
where

66
can

be
obtained

from
Shields

diagram
(6)

V,=
5.75u.c

lo
g

[5
.5

3
forfully

turbulentflow
and

abed
roughness

ofk
=

2d50
(7)

50

The
variable

y
in

the
above

equations
is

appropriate
to

the
situation

being
considered,

thatis
(Figure

1),forcalculation
ofym

S
adopty

E
yu;for(ym

S)c
adopty

E
ymsg

foryrs
orybs

adopty
E

(ym
slc;foryes

adoptJ’E
ym

s;and
fords

adoptJ’E
ys-

G
E

N
E

R
A

L
D

E
G

R
A

D
A

T
IO

N

Use
ofa

range
ofthe

follow
ing

fourm
ethods,com

bined
w

ith
field

and
subsurface

observations,
togetherw

ith
engineering

judgem
ent,typically

provides
the

bestapproach
to

initialquantitative
evaluation

ofm
ean

scoured
flow

depth
ym

s
resulting

from
degradation

ata
site.

Lacey
(1930)

1/3
yms

=
0.47[-gj

wheref
=

l.76dm
0.5

(8)

This
approach

is
indicated

to
be

too
conservative

forlarge
sedim

ent.
The

relation
forf

applies
fordm

<
1.3

m
m

.
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Blench
(1969)2/3

yms
111201

forsands
of0.06

<
djg

(m
m

)5
2.0

(9)
50

:
2/3

yms
=1.231

forgravels
ofSS

w
2.65

and
d50

>
2.0

nun
(10)

_
50

M
aza

Alvarez
and

E
chavarria

A
lfaro

(1973)
0.784

Q
ym,=0.365[-__-—

(11)
W

0.784d26l57

This
m

ethod
is

valid
only

for
sedim

ents
ofd75

<
6

m
m

,
principally

sands
and

gravels,
w

ith
predictions

being
noted

to
differ

to
observations

for
finer

m
aterials.

For
a

narrow
river,

the
channelhydraulic

m
ean

radius
is

adopted
in

lieu
ofchannelw

idth
W

.
W

atson
(1990)

reports
extensive

use
ofthis

m
ethod

forgravel-bed
rivers

in
N

ew
Zealand.

H
olm

es
(1974)

The
authorindicates

totalscourto
be

the
sum

ofys
and

localscour,where

,
,V

K
ys

1sthe
greaterof

ys
=

yu
or

ys
=

—
l—

‘—
—

(12)
x/(A

/W
1

2/3

w
ith

K
-

W
0959

3
l,

V1
=C[—

‘Q-1
—J)“——]

and
C

=
1.2

where
converging

flow
s

are
4.83Q

'
A

A
lW

encountered,such
as

in
braided

stream
s,and

1.0
in

othercases.

This
m

ethod,where
ys

incorporates
degradation

and
contraction

scoureffects
(and

also
possibly

thalweg,bend
scour,confluence

scour
and

b6(1-fOI'I11
effects),

is
based

on
field

data
covering

a
w

ide
range

ofsedim
entsizes

collected
in

N
ew

Zealand
forscourfailures

ata
num

berofrailw
ay

bridges.
The

m
ethod

incorporates
no

safety
factorow

ing
to

the
use

ofconservative
design

flow
s

in
analyses.

W
atson

(1990)
reports

on
conservative

predictions
of

scour
for

deep
incised

channels
in

gravel-bed
rivers,

especially
when

additionally
incorporating

a
safety

factor
w

ithin
the

analyses.

A
V

E
R

A
G

E
C

O
N

T
R

A
C

T
IO

N
S

C
O

U
R

For
live-bed

conditions
(V/Vc

2
1)

in
the

(degraded)
approach

channel
ofym

s,
the

average
scoured

flow
depth

for
a

contracted
section

(ym
S)c

can
be

estim
ated

based
on

Richardson
and

Davis
(1995)(m

odified
from

Laursen,1960),nam
ely
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6/1
1:,

=
(1,,

y
m

s
Q

lm
W

2

The
long

rectangular
contraction

basis
ofthis

approach
m

ay
resultin

conservative
predictions.

Values
ofthe

exponentk]are
given

in
Table

1.

Table
1.

Values
ofContraction

ScourC
oefficientk]

<0.50
1

0.59
\

M
ostly

contactbed
m

aterial
8

0.50-2.0
30.64

l
Som

e
suspended

bed
m

aterialdischarge

Forclear-waterconditions
(V/Vc

<
1)in

the
approach

channel,(ym
S)c

can
be

estim
ated

based
on

com
petentvelocity

being
achieved

through
the

bridge
site,nam

ely

O
)m

S
)c

=
W

h
e

re
V

:
V

c
:

Each
of(13)

and
(14)

assum
es

a
rectangular

channelsection.
Analyses

for
thalweg

and
bend

effects
can

be
subsequently

adopted
to

incorporate
allowances

for
variations

in
flow

depths
across

the
bridge

section.

BEN
D

SC
O

U
R

The
m

axim
tun

scoured
flow

depth
in

abendybs
can

be
evaluated

using
(M

aynord,1996)

y,__,=1~i;(y,,,,),{1.s-0.051(r,/W
)+0.00s4[W

/(y,,),]}
(15)

where
a

conservative
safety

factor
ofFS

=
1.19

is
adopted

herein.
This

m
ethod

is
valid

for
W

/(ym
S)c

<
125

and
rc/W

<
10,rc/W

=
1.5

being
adopted

for
rc/W

<
1.5,and

W
/(ym

S)c
=

20
being

adopted
for

W
/(ym

S)c
<

20.
The

expression
ofThom

e
(1988)can

also
be

adopted,nam
ely

J»...=6...).{Z-07-0-191nl(r./W)—all
<16)

where
this

m
ethod

is
valid

forrc/W
>

2.
Equations

(15)and
(16)are

recom
m

ended
to

be
lim

ited
to

flow
s

ofoverbank
depths

upstream
ofthe

bend
ofless

than
20%

ofthe
m

ain
channeldepth.

In
lieu

ofadopting
(15)

or(16),itcan
be

assum
ed

thatthe
scoured

area
below

the
flood

level,
of

average
depth

(ym
S)c,

can
be

redistributed
in

a
sim

ple
triangular

form
(N

eill,
1973)

to
give

a
peak

flow
depth

in
the

bend
of

ybs=
2(J’ms)c

(17)
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Alternatively,the
scoured

area
below

the
original(upstream

,unscoured)
bed

level,
ofaverage

depth
[(ym

S)c
-yu],can

be
sim

ilarly
redistributed

to
give

ybs
=

J/u
+

210/m
s)c

'J/ul
(18)

Itis
recom

m
ended

thatthe
above

m
ethods

forassessm
entofbend

scourthatare
appropriate

to
a

given
bridge

site
be

used
togetherto

determ
ine

an
appropriate

value
ofyg,Sforthe

site.

TH
A

LW
E

G
EFFEC

TS

The
flow

depth
in

the
thalweg

yrs
can

be
estim

ated
fora

straightchannelasthe
m

axim
tun

of

y,,=1.27(y,,,),
(Lacey,1930)

or
y,=(ym),+(h/2)

(19)

where
am

plitude
h

is
the

m
axim

um
ofthe

thalweg
am

plitude
orthe

heightofaltem
ate-bars

in
the

channel.
Expressions

enabling
calculation

ofthalweg
am

plitude
and

altem
ate-bar

height
are

given
in

M
elville

and
Colem

an
(2000).

Alternative
graphicalm

ethodologies
for

redistributing
average

scour
across

a
cross-section

to
allow

for
thalweg

effects
are

as
used

for
bend

scour
estim

ation,
nam

ely
(17)

and
(18)

above.
In

addition,
y;S

can
be

estim
ated

by
scaling

the
calculated

average
scoured

flow
depth

(ymS)C
by

the
ratio

ofm
axim

um
to

m
ean

flow
depths

for
the

unscoured
channel(M

aza
Alvarez

and
Echavarria

Alfaro,
1973).

C
O

N
FLU

E
N

C
E

S
C

O
U

R

The
m

axim
um

flow
depth

in
a

confluence
yc-S

can
be

calculated
for

different
sedim

entclasses
using

the
expressions

(Ashm
ore

and
Parker,1983;and

Klaassen
and

Verm
eer,1988)

¢J_/9-=
2.24

+
0.031a

fornoncohesive
sands

and
gravels

and
a

=
30°to

90°
(20)

y
m

s

%5“—
=

1.01
+

0.0300:
forcohesive

m
aterial

(21)
y
fl
lS

¥-=1.29+0.03701
for0.6<Q,/Q;<1anduniform

sandof0.1s<d50(n1rn)<0.25
(22)

yms

where
37,",is

the
average

flow
depth

in
the

degraded
anabranches

approaching
the

confluence.
In

regard
to

(20),poorly-sorted
bed

m
aterialis

noted
to

have
lesserconfluence

scourdepths
than

well-sorted
m

aterialofthe
sam

e
m

ean
size.

74



B
E

D
-F

O
R

M
E

FFE
C

TS

The
peak

scoured
flow

depth
ow

ing
to

the
m

igration
ofbed

form
s

through
the

bridge
site

can
be

estim
ated

as

y.=JG.+(/*1/2)
or

1/.=yr.+(/1/2)
(23)

where
h

is
the

m
axim

um
bed-form

heightforthe
expected

types
ofbed

fonns
overthe

range
of

flow
s

occurring
atthe

bridge
site.

This
approach

is
m

ore
applicable

to
the

m
igration

ofC1L1I‘l6S,
bars

or
antidunes,

ripples
being

typically
sufficiently

sm
all

as
to

be
insignificant

in
affecting

scourm
agnitudes.

M
eans

ofdeterm
ining

the
types

ofbed
form

s
occurring

forarange
offlow

s
in

a
river,

and
m

eans
ofevaluating

the
heights

ofthese
bed

form
s,

are
discussed

in
M

elville
and

Colem
an

(2000).

LO
C

A
L

A
B

U
T

M
E

N
T

S
C

O
U

R

Local
abutrnent-scour

depth
ds

below
the

surrounding
bed

level
is

calculated
based

on
the

analyses
ofM

elville
(1997)and

M
elville

and
Colem

an
(2000),nam

ely

as=1<,,K,K,,1<_;K;1<GK,
(24)

where
the

factors
of(24)

are
defined

in
Table

2
and

Figure
2.

Forthe
calculations

ofTable
2,

d50a
E

0150and
Va

E
VcforLm

iform
sedim

ents.

Table
2.

Factors
Influencing

LocalAbutm
ent-scourDepth

Factor
,1

K
M

ethod
ofestim

ation
‘

L
‘

K
yL

=
2L

——
<1

Flow
depth-

it
ys

8.l)L1lII'1'l6I1'[
.

1,
K

-Y
L

:‘
2
,

]_
<

—
gI—

<

size
J/S

Ky,=10)»,
§>25

\
lFor.Luiifonn

sedim
ents:d50a

E
djg

land’Va
E-VC'

I
-

JFornonuniform
sedim

ents:
Flow

_
I

am
,=am,/1.8s»a34/1.8=O'gd50/1.8;and

““"’“S“Y
‘K1

-,l’_qf..Q-§Yc.¢1z_‘i‘f1?E1j?_Yea.i§E?l9}!l?F?§f9F.f1§Qa.H§lP.%_@.?;‘}fl.@...........--
1K1_V-0’.—V.)

V
G

7K,=1.0
for[V-(Va-V6-)]/Vc21
for[V-(Va-Vc)]/Vc<1
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N
O

T
A

T
IO

N

AAcCdmdm
ax

dnds450
d50a
FsF

r
f8hKKdKGK1K

S
»

K
S

*

KrK},-L
K

0,Ke*
kklLL

*

72n
*

QQ1QsQ
]m

Q2QRFcSe5'0SSI14*

i
n

-
1

-

1
*

—

flow
area;

criticalflow
area

forsedim
ententraim

nent;
convergence

coefficientforHohnes
(1974);

effective
m

ean
diam

eterofbed
m

aterial;
m

axim
um

particle
size;

sedim
entsize

forw
hich

12%
ofthe

sedim
entis

fm
er;

localscourdepth
below

the
surrorm

ding
bed

level;
m

edian
size

ofbed
m

aterial(by
w

eight);
m

edian
particle

size
ofarm

ourlayer;
safety

factor;
Froude

N
tunber;

Lacey
siltfactor;

acceleration
ofgravity;

am
plitude

(crestto
trough),bed-fonn

height;
coefficient,factor;
sedim

ent-size
factor;

approach-channel-geom
etry

factor;
flow

-intensity
factor;

foundation-shape
factor;

tim
e

factor;
flow

depth-abutrnentsize
factor;

fotm
dation-aligm

nentfactor;
bed

roughness;
contraction-scourcoefficient;
abutm

entlength
(including

bridge
approach)m

easured
perpendicularto

the
channelcentreline

(Figure
2);

w
idth

offlood
plain

(Figure
2);

M
arm

ing
roughness

coefficientforthe
m

ain
channelofa

com
pound

channel;
M

anning
roughness

coefficientforthe
flood

plain
ofa

com
pound

channel;
flow

rate,m
ean

discharge,design
discharge;

largeranabranch
flow

rate;
sedim

enttransportrate,sm
alleranabranch

flow
;

flow
rate

in
the

approach
m

ain
channel(notflood

plains)transporting
sedim

ent;
totalflow

rate
through

the
bridge

(contracted)section;
flow

rate
perunitchannelw

idth,q
=

Q
/W

;
channelhydraulic

radius;
centreline

radius
ofbend

curvature;
energy

slope,stream
slope;

channelslope;
specific

gravity
ofsedim

entparticles,SS
=

ps/p;
flood

peak
duration;

bed
shearvelocity;
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T
H

E
E

FA
,E

R
O

S
IO

N
FU

N
C

TIO
N

A
P

P
A

R
A

TU
S

:
A

N
O

V
E

R
V

IE
W

BY
Jean-Louis

Briaudl,H.-C.Chenz,Francis
Ting?’

A
B

S
TR

A
C

T

A
new

apparatus
is

described
to

m
easure

the
erosion

function
ofa

soil.
The

apparatus
is

called
the

EPA
(patent

pending)
or

Erosion
Function

Apparatus
(http://tti.tam

u.edu/geotech/scour).
The

erosion
function

is
the

relationship
between

the
hydraulic

shearstress
applied

atthe
soil-w

aterinterface
by

the
waterflow

ing
overthe

soil
and

the
erosion

rate
ofthe

soil.
This

erosion
function

can
then

be
used

to
predictscourof

soilby
water.

1
Spencer

J.Buchanan
Professor,

Dept.
ofC

ivil
Engineering,

Texas
A

&
M

U
niversity,

College
Station,

Texas
77843-3136,U

SA,(briaud@
tarnu.edu)

2Associate
Professor,Dept.ofC

ivilEngineering,Texas
A

&
M

U
niversity,College

Station,Texas
77843-

3136,U
SA.

3Associate
Professor,Dept.ofC

ivil&
Envirom

nentalEngineering,South
Dakota

State
U

niversity,
Brookings,South

Dakota
57007,U

SA.
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R
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=
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Fig.
1

-Schem
atic

D
iagram

and
Resultofthe

EFA
(Erosion

Function
Apparatus)
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am
ountofsam

ple
m

aterialand
be

able
td

utilize
rock

cores
thatare

routinely
collected

aspart
ofbridge

pierdesign
and

construction./

0
The

laboratory-testing
device

m
ustbe

able
to

create
flow

ing
water

over
the

rock
sam

ple.
Specifically,

the
device

m
ustbe

able
to

apply
a

hydraulic
shear

stress
to

the
rock

sam
ple

surface.

0
Along

the
sam

e
lines

as
described

above,
the

laboratory-testing
device

m
ust

be
able

to
m

easure
the

shearstress
thatis

applied
to

the
sam

ple
being

tested.

0
The

testing
device

m
ustbe

able
to

generate
shearstresses

atlevels
expected

in
design

storm
flow

conditions.
Therefore,

the
laboratory-testing

device
m

ustbe
able

to
operate

atshear
stresses

thatrange
from

am
bientto

beyond
design

conditions.

I
Based

on
infonnation

obtained
from

the
literature

review
,

rock
can

be
highly

resistantto
erosion.

Since
the

erosion
rates

are
very

sm
allas

com
pared

w
ith

cohesionless
and

cohesive
sedim

ents,the
laboratory-testing

device
m

ustbe
able

to
accurately

m
easure

sm
allam

ounts
of

lostm
aterialw

hile
continuously

operating
fordays.

Based
on

the
above-described

criteria,
the

rotating
cylinder

erosion
testing

apparatus
was

selected.
This

type
ofdevice

has
been

used
by

severalresearchers
to

determ
ine

criticalstresses
and

rates
oferosion

ofcohesive
sedim

ents.
A

description
ofthis

device,w
hich

is
sim

ilarto
the

Couette
viscom

eter,is
given

below.

P
R

E
V

IO
U

S
U

S
E

O
F

R
O

T
A

T
IN

G
C

Y
LIN

D
E

R
A

P
P

A
R

A
TU

S

M
oore

and
M

asch
(1962)

applied
the

rotating
cylinderprinciple

used
in

viscom
eters

to
m

easure
the

scourresistance
ofcohesive

soils.
The

device
was

called
the

rotating
cylinder

erosion
test

apparatus.
A

cylindrical
sam

ple
ofcohesive

sedim
entwas

suspended
inside

a
larger

circular
cylinder.

The
outer

cylinder
is

free
to

rotate
about

its
axis.

The
annular

gap
between

the
cylinder

a.rrd
sam

ple
was

filled
w

ith
fluid.

As
the

outer
cylinder

is
rotated,

m
om

entum
is

im
parted

to
the

fluid
and

the
fluid

m
oves,im

parting
a

shearstress
to

the
face

ofthe
sam

ple.The
cohesive

soil
sam

ple
is

stationary
but

m
ounted

on
flexure

pivots
so

that
the

shear
stress

transm
itted

to
the

sam
ple

surface
resulted

in
a

slight
rotation

of
the

supporting
tube.

The
resulting

rotation
was

calibrated
to

m
easure

the
torque

on
the

sam
ple

from
w

hich
the

shearstress
could

be
com

puted
(M

oore
and

M
asch,1962,p.

1444).

As
a

shearstress
was

applied
to

the
sam

ple,m
aterialwas

eroded
from

the
face

ofthe
sam

ple.
The

am
ountofm

aterialeroded
was

m
easured

and
the

duration
thatthe

shearstress
was

applied
was

also
recorded.

From
this

inform
ation,the

average
rate

oferosion
could

be
com

puted
for

a
given

applied
shearstress.

Severalresearchers
including

R
ektorik

etal.(1964),Arulanandan
etal.(1973),Sargunarn

etal.
(1973),

Alizadeh
(1974)

and
Chapius

and
G

atien
(1986)

have
used

sim
ilar

devices
w

ith
im

provem
ents

and
enhancem

ents.
A

kky
and

Shen
(1973)

used
the

rotating
cylinder

apparatus

9
1





0
a

sm
allsam

ple
ofrock

can
be

used
in

this
type

ofdevice
asthe

outercylindercan
be

sized
to

accom
m

odate
the

size
ofstandard

rock
cores,

0
aflow

ing
watergenerated

shearstress
can

be
applied

to
the

sam
ple,

0
the

average
shearstress

on
the

sam
ple

can
be

m
easured

by
m

easruing
the

torque
thatis

being
applied

to
the

sam
ple,

0
sm

allquantities
ofm

aterialbeing
eroded

can
be

m
easured

using
precision

balances,and

0
the

apparatus
can

be
operated

forlong
periods

oftim
e

as
the

outercylindercan
be

driven
by

acontinuous
duty

m
otor.

It
is

also
im

portant,
however,

to
discuss

the
lim

itations
of

this
type

of
testing

device
to

understand
where

uncertainty
and

bias
m

ay
be

present
in

the
results.

The
shear

stress
is

com
puted

by
m

easuring
the

torque
on

the
sam

ple.
H

ow
ever,the

torque
being

m
easured

is
the

torque
being

applied
to

the
entire

sam
ple.

Therefore,the
calculation

ofthe
shearstress

results
in

the
average

shearstress
overthe

entire
sam

ple
surface.

The
results

from
the

experim
ents

asstune
thatthe

shearstress
is

turifonn
acrossthe

entire
surface

ofthe
sam

ple.
In

actuality,the
surface

of
rock

sam
ples

can
be

pitted
and

uneven.
Therefore,there

m
ay

be
variations

in
the

shear
stress

distribution
overthe

face
and

thus
localshearstresses

are
likely

to
be

greaterthatthe
averaged

value
com

puted
from

the
m

om
enton

the
sam

ple.

In
sum

m
ary

the
shearstress

com
puted

from
the

m
easured

torque
m

ay
be

biased
in

the
direction

ofunderestim
ating

the
shearstress

acting
on

the
sam

ple.In
addition

to
the

variations
in

the
shear

stress
over

the
sam

ple
surface

there
m

ay
also

be
com

ponents
ofthe

flow
acting

in
directions

otherthan
the

direction
in

w
hich

the
torque

is
being

m
easured.

Thus,there
m

ay
be

a
com

ponent
ofshear

stress
thatis

eroding
the

surface
ofthe

sam
ple

thatis
notbeing

accounted
for

in
the

m
easurem

ents.
In

the
application

ofthese
results,

the
rm

derestim
ation

of
shear

stress
w

ould
provide

conservative
estim

ates
ofthe

rates
oferosion

versus
shear

stress.
That

is,the
results

w
ould

show
greater

erosion
rates

for
a

given
shear

stress.
The

conservative
nature

ofthese
results

w
ould

be
appropriate

fordesign
applications.

R
O

T
A

T
IN

G
C

Y
LIN

D
E

R
A

P
P

A
R

A
TU

S

The
rotating

cylindertesting
apparatus

used
in

this
study

was
sim

ilarto
the

devices
previously

used;however,som
e

m
odifications

have
been

m
ade.

Figures
1

and
2

are
schem

atic
drawings

of
the

rotating
device

and
Figure

3
is

a
photograph

ofthe
actualdevice.

English
Lmits

are
shown

for
equipm

ent
dim

ensions
as

they
were

used
by

m
anufacturers

to
specify

equipm
ent

sizes.
The

m
etric

equivalents
were

also
provided.

The
m

ajor
com

ponents
ofthe

apparatus
consistofthe

follow
ing:

0
Bodine

l/8-hp
Fram

e
42A

m
otor

(2500
R

PM
at

50
in-oz

[353
m

m
-N

]
of

torque)
w

ith
controller,
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cylinder.
Enough

water
is

added
in

the
rotating

cylinder
at

each
R

PM
tested

to
cover

the
underside

ofthe
bottom

plate
only.

The
torque

ateach
RPM

tested
was

recorded
and

a
plotwas

developed.
As

w
ill

be
discussed

in
the

experim
entalprocedures

section,
the

torque
on

the
bottom

plate
fora

given
R

PM
can

be
obtained

from
the

plot.
This

torque
is

subtracted
from

the
totaltorque

reading.
Itshould

be
noted

thatduring
a

particularerosion
test,only

enough
w

ateris
added

to
the

cylinder
arm

ulus
to

w
etthe

sides
and

notthe
end

plate
on

the
top

ofthe
sam

ple.
Therefore,only

the
end

effects
from

the
bottom

plate
needed

to
be

considered.

E
X

P
E

R
IM

E
N

T
A

L
S

A
M

P
LE

P
R

E
P

A
R

A
T

IO
N

Sam
ples

thatwere
tested

in
the

apparatus
were

collected
from

rock
cores

obtained
by

the
FD

O
T.

The
sam

ple
was

fonned
by

drilling
a

horizontal
solid

cylinder
through

a
vertical

core.
The

rationale
forcollecting

a
sam

ple
from

the
side

ofa
core

was
based

on
the

results
ofa

prelim
inary

experim
entperform

ed
atthe

U
niversity

ofFlorida.
A

sam
ple

oflim
estone

was
collected

from
a

FD
O

T
core

and
then

cutinto
a

cube.
To

obtain
qualitative

inform
ation

aboutthe
anisotropy

of
these

sam
ples,a

pressure
washerwas

directed
ateach

face
ofthe

sam
ple.

W
hile

this
does

not
sim

ulate
field

conditions
(tangentialflow

overabed),itdid
provide

som
e

insightinto
the

erosion
properties

ofthe
sam

ple.
It

was
discovered

thatthere
were

differences
in

the
rates

atw
hich

various
faces

eroded.
These

differences
in

erosion
can

be
attributed

to
the

non-hom
ogeneity

and
anisotropy

ofrock
sam

ples.
Itwas

concluded
thatin

orderto
m

ostaccurately
sim

ulate
the

field
condition,the

sam
ple

face
being

eroded
should

be
in

the
sam

e
orientation

as
in

the
field.

B
y

cutting
a

horizontalsolid
cylinderfrom

the
core,the

eroding
surface

w
illbe

closerto
the

field
situation.

The
sam

ples
for

erosion
testing

were
taken

from
4-in

(10.16-cm
)

nom
inal

diam
eter

cores
collected

by
the

FD
O

T.
The

sam
ples

were
cored

from
the

sides
using

a
concrete

w
etcorerw

ith
a

2-in
(5.08-cm

)
diam

eter
core

bit.
This

produced
a

sam
ple

of
1.75-in

(4.45-cm
)

in
diam

eter.
The

ends
ofthe

sam
ple

were
leveled

w
ith

a
concrete

w
etsaw.

This
lefta

sam
ple

w
ith

a
length

of
approxim

ately
3-in

(7.62-cm
).

A
hole

m
ustbe

drilled
in

the
centerofthe

rock
m

aterialto
connectthe

end
plates

as
w

ellas
to

allow
the

sam
ple

to
be

corm
ected

to
the

torque
cell.

In
preparing

the
sam

ples,itwas
discovered

thatduring
coring,the

sam
ples

could
easily

fracture.To
m

inim
ize

the
fracturing,a

3/16-in
(0.48-

cm
)diam

eterhole
was

drilled
through

the
center.

This
m

inim
ized

the
disturbance

to
the

sam
ple

and
keptthe

sam
ple

intact.

E
X

P
E

R
IM

E
N

TA
L

PR
O

C
ED

U
R

E

The
follow

ing
isthe

procedure
used

to
conductatypicalerosion

test.

Sam
ple

P
reparation

l.
Prepare

the
sam

ple
for

erosion
testing

as
described

in
above

by
using

a
concrete

w
etcorer

and
m

asom
y

drillbit.
2.

Record
the

m
ass

ofthe
sam

ple
w

ith
the

m
ass

balance.
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3.
Place

the
sam

ple
in

the
drying

oven
for

atleast16
hours

to
dry.

Afterthattim
e,record

the
m

ass
ofthe

sam
ple.

The
sam

ple
is

considered
dry

when
the

m
ass

change
is

less
than

0.1%
in

a
period

greaterthan
1hour.

Record
the

sam
ple

dry
m

ass.
4.

M
easrue

the
diam

eterofthe
sam

ple
w

ith
a

PiTape
ata

m
inim

tun
ofthree

locations
w

ith
the

calipers
and

record
the

average
diam

eterofthe
sam

ple.
5.

M
easure

the
length

ofthe
sam

ple
w

ith
the

calipers.
6.

M
easure

the
volum

e
ofthe

sam
ple

by
gently

subm
erging

the
sam

ple
in

a
graduated

cylinder
and

m
easure

the
volum

e
ofwaterdisplaced.

7.
Com

pute
the

sam
ple

dry
density

from
the

above
m

easurem
ents

in
g/cm

3.
8.

C
ollectthe

water
and

loose
m

aterialin
a

drying
dish.

Place
the

drying
dish

in
the

drying
oven

to
rem

ove
the

water.
Record

the
m

ass
ofrem

aining
m

aterial.
9.

C
om

pletely
im

m
erse

the
sam

ple
in

water
for

atleast
16

hours
to

hydrate.
The

sam
ple

is
hydrated

to
sim

ulate
a

saturated
rock

form
ation

as
m

ay
be

fotm
d

in
a

w
aterw

ay
bed.

A
fter

thattim
e,record

the
m

ass
ofthe

sam
ple.The

sam
ple

is
considered

hydrated
when

the
m

ass
change

is
less

than
0.1%

in
aperiod

greaterthan
1hour.

Testing
Procedure

1.
Secure

sam
ple

on
the

threaded
rod

w
ith

the
platens

and
place

the
sam

ple
in

the
rotating

cylindererosion-testing
device.

2.
F

illthe
rotating

cylinderannulus
w

ith
waterto

the
properlevel.

Itis
im

portantto
note

that
waterfrom

the
actualfield

site
where

the
sam

ple
was

collected
should

be
used.

3.
Place

the
rubberstopperon

the
acrylic

cylinderand
then

attach
sam

ple
to

torque
cell.

4.
Setthe

offsetofthe
torque

cellw
ith

the
tare

sw
itch

to
0.000

m
rn-N.

5.
Turn

on
the

m
otorand

increase
the

R
PM

(as
m

easured
by

the
tachom

eter)
untilthe

desired
torque

is
achieved.

6.
A

llow
the

testto
run

for
a

m
inim

um
of72

hours.
Record

the
duration

ofthe
experim

entin
m

in
w

ith
the

stopwatch.
Periodically

adjustthe
m

otorspeed
to

keep
a

constanttorque
on

the
sam

ple.
Record

the
torque

in
m

m
-N

applied
to

the
sam

ple.
Trun

offthe
m

otorand
allow

the
waterw

ithin
the

arm
ulus

to
cease

m
otion.

Rem
ove

the
sam

ple
from

the
torque

celland
cylinder.

Em
pty

the
wateroutofthe

cylinderand
clean

outthe
eroded

particles
in

the
cylinder.

10.Place
the

sam
ple

in
the

drying
oven

for
atleast16

hours
to

dry.
Afterthattim

e,record
the

m
ass

ofthe
sam

ple.
The

sam
ple

is
considered

dry
when

the
m

ass
change

is
less

than
0.1%

in
aperiod

greaterthan
1hour.

Record
the

sam
ple

dry
m

ass.

.‘°9°.\'

There
are

a
few

im
portantitem

s
to

note
w

ith
regards

to
the

experim
entalprocedures.First,prior

to
begim

ring
the

actualerosion
experim

ents,a
preparation

rim
is

required.
The

preparation
11.111is

required
to

rem
ove

loose
m

aterialfrom
the

surface
ofthe

rock
sam

ple
prior

to
m

easuring
the

erosion.
The

coring
process

disturbs
the

surface
ofthe

sam
ple

and
this

m
ay

cause
an

excessive
am

ount
ofm

aterialto
erode

that
m

ay
not

have
eroded

otherwise.
The

preparation
11.111

was
conducted

afterthe
sam

ple
dim

ensions
were

recorded
butpriorto

the
firstexperim

ent.

Also,
at

tim
es,

a
slight

am
ount

of
m

aterial
w

ould
be

rem
oved

fi'om
the

sam
ple

dining
the

saturation
process.

This
m

aterialwas
collected

and
weighed

(dry
w

eight).
This

value
was

then
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results
are

interpreted
to

prototype
situations.U

nfortunately
little

is
know

n
aboutthese

scale
effects

and
none

ofthese
effects

have
been

studied
in

a
system

atic
m

anner(Stuner
a.nd

Fredsoe,1999).
In

contrastto
the

scaled-down
laboratory

tests,
num

erical
m

odels
of

local
scour

arotm
d

pipelines
do

not
suffer

from
scale

effects.
O

nce
the

num
erical

m
odel

is
developed,itcan

be
applied

to
differentoperationalconditions

including
those

can
not

be
achieved

under
laboratory

conditions.
M

any
issues

that
could

notbe
investigated

thoroughly
by

m
odeltests

can
be

exam
ined

num
erically.

A
typicalexam

ple
ofthis

is
the

scale
effects.

Since
it

is
very

difficult
to

carry
out

experim
ents

w
ith

large
m

odel
pipes

underlaboratory
conditions,the

understanding
to

the
scale

effects
is

stilllim
ited.

Howeverthe
scale

effects
can

be
easily

investigated
using

a
propernum

ericalm
odel.

N
um

ericaltests
on

the
sam

e
scourprocess

can
be

rtm
tm

derboth
m

odeland
prototype

conditions.The
individualfactors

thatm
ay

affectthe
scourprocess

can
be

isolated
and

controlled
easily

by
ntunerical

m
odel.

In
that

sense,
a

good
num

erical
m

odel
can

certainly
be

com
plem

entary
to

m
odeltests

and
can

assistdesign
engineers

to
identify

the
m

ostcrucialcases
forw

hich
m

odeltests
m

ay
be

run.The
ultim

ate
goalofnum

erical
m

odels
w

ill
be

replacing
(at

least
partially)

the
costly

m
odel

tests
and

to
be

used
directly

in
the

design
ofpipelines.

Developm
entofnum

ericalm
odels

for
localscour

around
pipelines

has
been

slow
,

despite
oftheirrelative

significance.
There

m
ainly

tw
o

kinds
ofntunericalm

odels
on

local
scour

below
a

pipeline
have

been
developed:

sim
ple

m
athem

aticalm
odels

and
integrated

m
athem

atical
m

odels
(Sum

er
and

Fredsoe,
1999).

The
sim

ple
m

odel
concem

s
the

scour
around

a
fixed

pipe
w

hile
the

integrated
m

odelconsiders
dynam

ic
interactions

between
a

flexible
pipeline

and
the

resulting
scour

process.
M

ost
ofthe

m
odels

reported
in

literature
so

farare
sim

ple
m

odels.The
idea

ofthe
integrated

m
odel

howeveris
to

predictthe
entire

scourprocess
such

as
the

occurrence
and

disappearance
of

scour
along

a
pipeline,

scouring
and

backfilling
below

the
pipeline

due
to

the
sagging

ofpipeline.
It

is
obvious

that
such

a
m

odelis
m

uch
m

ore
com

plex
than

the
sim

ple
scour

m
odeland

needs
to

be
based

on
the

developm
entofthe

sim
ple

m
odel.

Due
to

the
com

plexity
ofthe

problem
and

the
lim

ited
com

puter
resources

that
were

available,currentknowledge
on

the
sim

ple
m

odels
prevents

a
com

prehensive
integrated

m
odel

from
being

developed.
Therefore

the
focus

w
ill

be
given

to
the

sim
ple

m
athem

aticalm
odelin

this
paper.

O
verthe

lasttw
o

decades,m
ainly

tw
o

kinds
ofnum

ericalm
odelforscourprediction

have
been

developed.One
is

based
on

the
potentialflow

theory,such
as

Hansen
etal.

(1986)
and

Liand
Cheng

(l999a),
and

the
other

is
based

on
the

k-s
m

odels,
such

as
Leeuwenstein

and
W

ind
(1984),

Brors
(1999)

and
van

Beek
and

W
ind

(1990).
It

has
been

dem
onstrated

thatthe
potential

flow
m

odels
are

able
to

predict
the

m
axim

um
depth

and
the

upstream
part

ofscour
hole

correctly.
However,

none
ofthe

potential
flow

m
odels

can
explain

the
gentle

slope
ofthe

scourhole
fonned

downstream
the

pipe
(Liand

Cheng,l999a).This
is

m
ainly

due
to

the
factthatthe

potentialflow
m

odelcan
notsim

ulate
the

vortex
shedding

process
associate

w
ith

the
flow

around
the

pipeline.It
has

beenn
understood

(Sum
eretal.,1988)thatthe

gentle
slope

ofthe
scourhole

fonned
downstream

the
pipeline

is
m

ainly
due

to
the

vortex
shedding

around
the

pipeline.
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Early
num

ericalm
odels

based
on

k-s
turbulence

m
odels

seem
ed

to
have

difficulties
to

predictthe
shape

ofscour
hole.

Leeuwestein
etal.

(1985)
developed

a
num

erical
m

odelbased
upon

k-a
turbulence

m
odeland

a
sedim

enttransportequation.A
num

erical
package

nam
ed

O
D

YSSEE
was

used
to

calculate
the

turbulentflow
field.

As
forthe

com
putation

of
the

sedim
ent

transport
and

the
variation

in
seabed

topography
they

reported
a

failure
in

obtaining
a

realscourhole
shape

by
using

an
em

piricalbed-load
form

ula.
This

was
ascribed

to
the

ignorance
ofthe

suspended-load
contribution

in
the

m
odel.

In
the

num
ericalpartofthe

investigation
by

Stuneretal.
(1988),the

so-called
C

loud
in

Cell(C
IC

)
m

ethod
was

em
ployed

to
sim

ulate
the

flow
.

Itwas
reported

that
the

C
IC

m
ethod

generally
gives

good
prediction

on
the

gross
characteristics

of
the

organized
wake

behind
the

pipeline.
H

ow
ever,

there
was

no
evidence

in
the

paper
show

ing
that

a
num

ericalm
odelwas

em
ployed

to
calculate

the
seabed

deform
ation.

Instead,by
com

paring
the

effective
Shields

param
eterw

ith
its

tim
e

average
value,

an
im

portantconclusion
was

drawn
by

Sum
eretal.(1988)thatthe

organised
wake

behind
the

pipeline
has

strong
effects

on
the

profile
ofscourhole

downstream
ofthe

pipeline.
The

tim
e-averaged

bed
shearstress

is
nota

suitable
param

eterto
use

in
predicting

the
lee-wake

scouring
behind

a
pipeline.

Som
e

im
provem

ents
on

the
k-a

based
m

odels
have

been
achieved

recently.
Van

Beek
and

W
ind

(1990)
developed

a
num

ericalm
odelbased

on
k-2

turbulence
m

odel
and

a
transportequation

forsuspended
sedim

ent.The
application

ofthe
m

odelto
scour

prediction
below

a
pipeline

w
ith

and
w

ithout
an

attached
spoiler

showed
fairly

agreem
ents

w
ith

the
m

easured
equilibrium

scour
holes,

although
a

certain
degree

of
underestim

ation
of

downstream
scour

hole
was

quite
evident

in
the

report.
The

predicted
rate

oferosion
was

aboutthree
tim

es
as

fastas
in

the
physicalm

odel.
Brors

(1999)presented
a

m
odelthatincludes

the
description

offluid
flow

by
the

standard
k-s

turbulence
and

the
suspended

and
bed-load

sedim
enttransports.

D
ensity

effects
were

considered
in

the
verticalm

om
entum

equation
and

in
the

turbulence
equations.

Flow
around

a
surface

m
ounted

cylinder
was

predicted
in

good
agreem

ent
w

ith
the

experim
ents.

However,
in

the
scour

calculation
the

m
odel

did
not

predict
periodic

vortex
shedding,

even
during

the
later

stages
of

scour
developm

ent.
The

author
suggested

thata
fine

m
esh

(5000
nodes)is

needed
to

predictthe
phenom

ena
ofvortex

shedding.
For

the
scour

calculations,
the

prediction
ofa

clear
water

scour
hole

(0=
0.048,where

0
is

the
Shields

param
eter)

agreed
w

ellw
ith

M
ao’s

(1986)
experim

ental
m

easurem
ents.N

o
attem

pts
were

m
ade

forcases
oflive

bed
scour.

Recently,Liand
Cheng

(1999b)developed
a

num
ericalm

odelforlocalscouraround
pipelines

em
ploying

a
slightly

different
approach.

The
flow

arorm
d

the
pipeline

is
solved

using
a

Large
Eddy

Sim
ulation

(LES)
m

odel
that

results
in

m
ore

accurate
prediction

of
seabed

shear
stress

than
traditional

k-2
turbulence

m
odels.

The
equilibrium

scour
hole

is
detennined

by
iterations,

based
on

the
assum

ption
thatthe

shear
stress

on
the

seabed
is

equalor
less

than
the

far
field

shear
stress

for
live

bed
scour

(or
the

critical
shear

stress
for

clear-water
scour)

every
where

when
the

equilibrium
scourhole

is
established.

The
predicted

equilibrium
scourhole

com
pared

very
w

ellw
ith

the
experim

entalresults
by

M
ao

(1986)forboth
clearwaterand

live-bed
conditions

(Liand
Cheng,1999b;2000a).The

advantage
ofthe

m
odelis

thatitdoes
not

em
ploy

any
em

pirical
sedim

enttransport
form

ula.
However,

the
disadvantage

ofthe
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m
odelis

thatitcan
notdescribe

the
tim

e
developm

entofthe
scourhole

due
to

use
of

the
equilibrium

assum
ption

in
the

m
odel.

In
sm

nm
ary,it

seems
thatnone

ofthe
currentm

odels
are

able
to

sim
ulate

the
tim

e
developm

ent
of

tw
o-dim

ensional
scour

hole
accurately

even
under

steady
current

conditions.The
key

elem
ents

in
developing

a
com

prehensive
m

odeloftim
e-dependent

scourlie
in

two
folds:

1)an
accurate

flow
m

odelthatcan
resultin

accurate
prediction

of
vortex

shedding
behind

the
pipeline

and,2)apropersedim
enttransportm

odel.

The
objective

ofthe
presentpaperis

to
develop

a
num

ericalm
odelthatis

capable
of

predicting
the

tim
e

developm
ent

of
local

scour
below

a
pipeline.

The
m

odel
w

ill
em

ploy
the

LES
flow

m
odeldeveloped

by
Liand

Cheng
(2000a).The

m
orphological

change
ofthe

seabed
w

ill
be

calculated
in

the
sam

e
fashion

as
that

used
by

Brlzirs
(1999).The

rate
ofbed-levelchange

w
illbe

determ
ined

from
the

deposition
rate

D
and

the
erosion

rate
E.

The
deposition

rate
D

w
illbe

setequalto
the

difference
ofsetting

velocity
and

upward
turbulentvelocity

tim
es

the
near-bed

concentration.
The

erosion
rate

E
w

illbe
determ

ined
from

the
near-bed

turbulence
intensity

and
the

concentration
gradients.

The
concentration

ofthe
suspended-load

w
illbe

calculated
by

solving
the

scalartransportequation
ofsuspended-load

concentration.The
boundary

condition
for

the
near-bed

concentration
of

suspended-load
w

ill
be

specified
using

an
em

pirical
form

ula
derived

from
experim

ental
m

easurem
ents

(Zysennan
and

Fredsrae,
1990).

Details
ofthe

m
odelim

plem
entation

w
illbe

given
in

the
follow

ing
tw

o
sections.

M
A

T
H

E
M

A
T

IC
A

L
M

O
D

E
L

Flow
m

odel
It

has
been

dem
onstrated

both
experim

entally
(Sum

er
et

al.,
1988)

and
num

erically
(Li

and
Cheng,

Inlet
0

O
utlet

1999b)
that

the
local

scour
below

a

Free
Surface

/
E[la

/,
pipeline

depends
strongly

on
the

Dive
vortex

shedding
flow

around
the

pipeline.
Li

and
Cheng

(l999b)
Seabed

dem
onstrated

that
the

fluctuating
Fig.

1D
efinition

Sketch:calculation
dom

ain
Seabed

Shea-T
Stress

Plays
311

im
portant

role
in

the
so-called

lee-
wake

scourprocess.Therefore
accurate

prediction
ofthe

fluctuating
seabed

shearstress
is

very
crucialto

the
prediction

oflocal
scour

below
a

pipeline.
Pastexperiences

of
authors’

and
som

e
others

(Li
|<—

D—
>\

and
Cheng,

1999b;
Beaudan

_
v

and
M

oin,
1994)

indicated
tt-10-.

Q
.......................--

that
the

Lttgt
Eddy

(u,v)=(1;)_|_‘l,,v,)
Sim

ulation
(LES)

m
odel

is
suitable

for
the

vortex
|

-

Y
>4

Fig.2
D

efinition
Sketch:a

pipe
neara

w
all106







co»)=t
r

<11)
yr

h
“

J/’

where
h

is
waterdepth,b

is
Rouse

num
ber,ford50

=
0.36m

rn
sedim

entB
=

2.8,and
cb

is
reference

concentration
atthe

levelofyb
above

seabed
given

by
Eq.(9).

N
um

ericalm
ethod

The
governing

equations
(1)to

(4)togetherw
ith

the
boundary

conditions
are

solved
using

finite
difference

m
ethod

in
a

curvilinearcoordinate
system

.The
convection

term
s

in
equations

(2)to
(4)

are
discretized

using
a

third-orderupw
ind

schem
e

and
the

other
term

s
are

discretized
using

centraldifference.A
second-orderschem

e
is

used
forallthe

tim
e

dependentterm
s.

Fordetails
ofnum

ericalim
plem

entation,
readers

are
refered

to
Leietal.(1999).

M
orphologicalm

odel
The

presence
ofpipeline

breaks
the

localsedim
entbalance

and
causes

the
variations

in
flow

field.
The

location
at

w
hich

deposition
or

erosion
takes

place
depends

on
whether

the
am

ount
of

sedim
ent

settling,
D,

is
larger

or
less

than
the

am
ount

of
sedim

ententraim
nent,E.

The
netcross

boundary
flux

ofsedim
entis

zero
only

under
equilibrium

conditions.In
general,there

is
a

residualflux,w
hich

is
norm

ally
the

cause
ofm

orphologicalchange
ofseabed.

For
tw

o-dim
ensional

suspended-load
dom

inant
applications,

the
general

sedim
ent

continuity
equation

can
be

w
ritten

as

<1-0%
=rt».-tat.+

<12)
where

n
is

the
porosity

ofbed;ys
is

bed
level.

The
firsttenn

on
the

righthand
ofequation

(12)is
the

rate
ofdeposition

ofentrained
m

aterial,
expressed

as
volum

e
ofsedim

ent
grains

settling
from

suspension
onto

unit
area

ofbed
perunittim

e.The
second

term
is

the
actualrate

ofentraim
nentofsedim

ent
m

ass
from

the
bed,

expressed
as

volum
e

ofsedim
ent

grains
eroded

into
suspension

from
unitarea

ofbed
perunittim

e.Equation
(12)indicates

thatthe
bed

m
orphological

change
ys

is
notonly

a
result

ofupward
diffusive

flux
and

dow
nw

ard
settlem

entbut
also

the
contribution

ofconvective
transportvcb.

It
should

be
noted

thatthe
bedload

sedim
enttransportis

notincluded
in

the
m

orphologicalm
odelgiven

in
Eq.

(12).
This

im
plies

the
use

ofthe
assum

ption
that

the
gradient

ofbedload
transport

in
the

flow
direction

is
negligible.

This
is

m
ainly

based
on

the
experim

ental
findings

that
the

bedload
sedim

enttransportis
only

confined
w

ithin
a

very
thin

layerofa
thickness

ofa
few

sedim
entdiam

eters
(Zyserm

an
and

Fredsoe,1990).

Solution
process

The
solution

process
oflocalscour

below
a

pipeline
w

ill
startby

solving
the

flow
field

and
suspended-load

concentration
field

around
the

pipeline
w

ith
a

specified
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sam
e

in
the

num
erical

tests.
For

all
the

num
erical

tests,
a

rectangular
dom

ain
of

3000x350
m

m
w

ith
a

pipe
ofdiam

eterof100
m

m
being

placed
at1000

m
m

from
the

inletofthe
dom

ain.
A

153x63
m

esh
w

ith
grid

points
being

concentrated
towards

the
pipe

surface
and

the
seabed

is
em

ployed
for

all
the

cases
after

a
careful

m
esh-

dependence
study.The

num
ericalresults

on
the

tim
e

developm
entofthe

scourhole
as

w
ellas

the
m

axim
tun

scourdepth
are

com
pared

w
ith

the
experim

entalresults
ofM

ao
(1986)

Table
l

Flow
and

sedim
entconditions

forthe
num

ericaltests

Case
H

Pipe
T

T
Sandsize

=
Flow

T
Initialgap

Shields
diam

eter
d5@

(m
m

)
velocity

ratio
e/D

0
param

eter
(m

m
)

3
U0

(cm
/s)

l
9

1‘
0

100
0.36

 
35.0

0
l

0.040
*

2
100

0.36
50.0

A
0

0.090
3

100
0.36

50.0
3

0.5
l

0.098

Fig.
7

and
Fig.

8
show

the
scourdevelopm

entbelow
the

pipeline
in

tim
e

for
case

l
and

case
2,

respectively.
In

those
tw

o
cases,

the
pipe

was
originally

placed
on

the
seabed.

The
casel

is
a

case
ofclearwater

scour
and

the
case

2
is

a
case

oflive
bed

scour.
M

easurem
ents

of
scour

profiles
are

available
even

at
very

early
stage

ofthe
scourdevelopm

ent.This
is

extrem
ely

valuable
to

validate
the

presentnum
ericalm

odel.
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EXPERIMENTALSTUDYorTHESCOUR0N
THESEABED

UNDERAPIPELINEIN
OSCILLATING

FLow*

By
Pu

Q
unl,LiKunz

A
B

S
TR

A
C

T

A
n

experim
ental

study
of

the
scour

of
the

seabed
tm

der
a

m
arine

pipeline
is

presented
in

this
paper.

The
tests

are
carried

out
in

a
U-shaped

oscillatory
watertunnel

w
ith

a
box

im
bedded

in
the

bottom
ofthe

testsection.
By

use
ofthe

standard
sand,clay

and
plastic

grain
as

the
seabed

m
aterialthe

influence
ofthe

bed
m

aterialon
the

scour
is

studied.
The

relationship
between

the
criticalinitialgap-to-diam

eterratio
above

w
hich

no
scour

occurs
and

the
param

eters
of

the
oscillating

flow
is

obtained.
The

self-burial
phenom

enon
occurred

forthe
pipeline

notfixed
on

tw
o

sidewalls
ofthe

testsection
and

is
not

observed
for

fixed
pipeline.

The
effect

ofthe
pipe

on
the

sand
wave

form
ation

is
discussed.

The
m

axim
um

equilibrium
scour

depths
for

different
initial

gap-to-diam
eter

ratio,diflerentKc
num

berand
difierentbed

sand
are

obtained.

IN
T

R
O

D
U

C
T

IO
N

The
sour

around
a

pipeline
m

ay
influence

the
in-place

stability
of

the
m

arine
pipeline,

so
it

is
im

portantfor
the

safety
and

econom
y

ofsubm
arine

pipeline
design

[L2].
The

scour
phenom

enon
around

a
pipeline

is
very

com
plex

because
the

scour
can

be
influenced

by
m

any
envirom

nentalelem
ents

such
as

the
flow

,the
topography

and
the

soil.
This

phenom
enon

is
substantially

a
result

of
coupling

actions
between

fluid,
solid

and
seabed.

The
scour

below
a

pipeline
exposed

to
wave

is
related

to
oscillating

separated
vortex

flow
.

Because
ofthe

seabed
erosion

and
thatthe

seabed
boundary

is
in

a
dynam

ic
condition,the

boundary
w

illchange
and

the
seabed

m
aterialw

illenterthe
water,w

hich
w

ill
cause

the
difference

between
the

separated
vortex

flow
around

a
pipeline

above
a

erodible
bed

and
that

above
a

plane
bed

B.
O

n
the

other
hand,

start
and

transportation
ofthe

sedim
entin

a
unsteady

flow
is

a
frontierproblem

in
sedim

entresearch
[4].

In
addition,there

is
com

plicated
interaction

between
m

ultiple
separated

vortices
during

the
process

ofthe

*The
projectis

supported
by

the
N

N
SF

ofChina
(19772065)and

the
Key

Project(KZ951-
A1-405)of“N

inth
Five-yearPlan”ofCAS.

IProf.,Institute
ofM

echanics,Chinese
Academ

y
ofSciences,Beijing

100080,P.R.China
2SeniorEngineer,Institute

ofM
echanics,Chinese

Academ
y

ofSciences,Beijing
100080,

P.R.China
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A
h

\

C
\
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J
0
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I3

0

I
.

.g
‘n

;d
zn

n
:rn

n
-a

ll!!!

t_______._~
2.12m

--------=

Fig.1
Schem

atic
drawing

ofthe
U-shaped

watertunnel
1.Testcylinder

2.W
orking

section
3.A

differentialpressure
transducer

4.W
aterlevel

5.A
butterfly

valve
6.W

ind
tunnelconnected

w
ith

an
airblow

er

2.
Pipeline

m
odel

The
pipe

m
odels

ofdiam
eters

D
=28.9

and
19.1m

m
are

m
ade

ofplexiglass
and

are
fixed

on
tw

o
sidewalls

ofthe
testsection.

Forthe
pipelines

directly
installed

on
the

seabed,
the

pipe
m

odels
ofouter

diam
eterD

=l4m
m

and
inner

diam
eter

D
,=12m

m
are

m
ade

of
alum

inium
w

ith
length

of190m
m

.
D

ifferentm
odelpipes

w
ith

differentsubm
erged

w
eight

are
in

differentinitialburialdepth.

3.
The

preparation
ofthe

soilsam
ple

Foursoilsam
ples

are
used

in
the

tests
forfixed

pipeline
m

odels:the
standard

sand,
the

clay
and

tw
o

kinds
ofplastic

grain
w

ith
differentm

ean
diam

eter.
The

standard
sand

is
w

ith
characteristics

of
d5g=0.20II]II1,

specific
gravity

y=2.59
and

saturated
unit

w
eight

}{,,,,=10.24kN/m3.Theclayiswithcharacteristicsofd50=0.0047mrn,1;=,/47,/d25=2.86
and

w
ith

percentfine
grains

72%
.

The
plastic

grain
is

w
ith

d50=0.47,0.68m
m

and
specific

gravity
;=1.42.

The
clay

was
excavated

at5-7m
depth

ofportarea
D

ongying
ofChina.

The
clay

sam
ple

in
the

bed
box

used
in

the
presenttests

is
obtained

from
the

clay
w

ith
the

sam
e

initialunitw
eightand

afterfourdays
ofsedim

entation
in

a
tank.

Then
its

unitw
eight

is
m

easured.
For

observation
ofthe

scour
phenom

enon
around

a
pipeline

in
oscillating

flow
and

investigation
ofthe

effectofthe
sand

diam
eteron

bed
scourthe

plastic
grain

is
used

asthe
soilsam

ple.
The

standard
sand

with
d50=0.38mm,D,=0.37,}{,a,=19.0kN/m3

isused
asbed

m
aterialin

the
tests

ofunfixed
pipe

m
odel.
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W
here

v
is

kinem
atic

viscosity
coefficientofwater.

The
Shields

num
bercorresponding

to
the

incom
ing

oscillating
flow

is
defined

by

_
f-U3.

0
_

(7—
1)'8'dso

(4
)

W
here

g
is

gravity
acceleration,f

is
the

friction
coefficientforthe

wave-boundary
layer,see

ref.[8].

E
X

P
E

R
E

M
E

N
T

A
L

R
E

S
U

LT
A

N
D

A
N

A
LY

S
IS

1.
Scourprocess

arotm
d

the
pipeline

The
scourphenom

enon
forgap-to-diam

eterratio
e/D=0

is
dissim

ilarto
thatfore/D

notequalto
zero.

As
Kc

increase
the

flow
separation

and
the

vortex
shedding

occur.
For

e/D=0,the
flow

arotm
d

apipe
is

the
forw

ard
separated

flow
atthe

cornerbetween
the

low
er

pipe
surface

and
the

bed
surface

and
is

the
separated

and
reattached

flow
behind

the
pipe.

This
flow

undergoes
an

accelerated
and

decelerated
process.

Vlfhateverthe
bed

m
aterialis,

the
tests

show
thatthe

scouroccurs
atthe

forw
ard

com
erofthe

pipe
atfirst.

The
sedim

ent
m

oves
backwards

away
from

the
pipe

and
reaches

the
vicinity

ofthe
separated

pointB
as

shown
in

Fig
3(a).

Forstandard
sand

bed
the

reattached
flow

behind
the

pipe
is

observed.
The

sedim
entm

oves
towards

tw
o

opposite
directions

away
from

the
reattached

pointC,as
shown

in
Fig

3(a).
The

location
ofC

from
the

pipe
is

farther
than

B.
W

ith
the

scour
developm

entthe
sedim

entstacks
up

nearthe
pointB.

The
gap

between
the

pipe
and

the
bed

occurs
aftera

scourprocess,the
flow

pattem
changes.

For
e/D

notequalto
zero

the
flow

pattem
is

differentfrom
thatfore/D=0.

W
hen

e/D
is

sm
all,the

sedim
entreciprocates

nearthe
pointA

and
then

stacks
up

a
little

(see
Fig

3(b)),
whatever

the
bed

is
m

ade
of

standard
or

plastic
sand.

W
hen

e/D
is

larger
than

a
certain

value,
for

exam
ple

e/D=0.45~1.0
for

standard
sand

bed,the
reciprocations

ofsedim
ents

are
observed

atpoint
A,D

and
E,shown

in
Fig.3(b).

The
largerthe

e/D,the
largerthe

distance
between

A
and

D
orE.

This
is

dependenton
the

acting
ofthe

shedding
vortex

ofthe
wake

on
the

sand
bed.

W
ith

the
velocity

increased
the

transfiguration
developm

entofthe
bed

surface
is

observed
forstandard

and
plastic

sand
bed.

W
hen

the
velocity

is
a

little
largerthan

the
criticalvalue,

there
is

only
one

m
ain

sand
valley

form
ed

undem
eath

the
pipe.

As
the

velocity
increases,

the
second

and
third

sand
waves

occur
successively

on
both

side
ofthe

m
ain

sand
valley.

The
largerthe

distance
ofthe

sand
wave

from
pipe,the

low
erthe

peak
ofthe

sand
wave

is.
The

sand
bed

far
from

the
pipe

is
undisturbed.

It
looks

like
there

is
a

propagation
and

consum
ption

ofthe
wave

energy
in

the
liquefied

sand
bed.

The
scourholes

ofthe
standard

sand
bed

are
steeperthan

thatofplastic
sand

bed.
Itm

ay
be

interpreted
by

their
different

restangle.
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bed
w

ith
a

pipe
is

a
little

sm
allerthan

thatw
ithouta

pipe.
Itis

the
sam

e
for

standard
or

plastic
sand

bed.
In

presentexperim
entitis

shown
thatthe

criticaloscillating
am

plitude
for

the
sam

e
bed

soiland
differente/D

and
D

is
alm

ostthe
sam

e
and

the
length

ofthe
sand

wave
is

also
the

sam
e.

Despite
ofwhetherthe

pipe
is

presentornot,a
series

ofstream
wise

thin
groove

distributed
along

the
pipe

axis
direction

is
seen

on
the

sand
wave

valley
surface.4.

Self-burialphenom
enon

The
pipe

m
odelused

in
self-burialtestis

notfixed
on

both
side

ofthe
testsection.

The
subm

erged
w

eightofthe
pipe

m
odelis

0.68,0.94
and

1.19N/m
and

the
initialburial

depth
is

0,3.6%
and

7.1%
respectively.

The
lightpipe

m
odelrolls

away
from

the
original

position
at

U,,,=0.09m
/s.

There
is

notany
trace

on
the

bed
surface.

Butfor
the

heaviest
pipe

m
odelas

the
velocity

increase
gradually,the

scourofthe
bed

atboth
sides

ofthe
pipe

takes
place

atcertain
velocity

and
the

sedim
entstacks

up
nearthe

separated
pointB.

Itis
sim

ilarto
thatforthe

fixed
pipe.

Butitis
differentfrom

the
fixed

pipe
thatdue

to
the

sag
ofthe

pipe
into

the
scour

valley
the

gap
between

pipe
and

bed
carm

otform
.

W
hen

the
am

plitude
increases

slow
ly,

a
scour

hole
fonns

gradually
nearpointP

thatis
outside

the
separated

region.
The

bed
sand

grains
m

ove
along

the
dash

line
as

shown
in

Fig.5.
Follow

ing
the

flow
,the

sand
grains

sedim
entated

atthe
top

ofthe
pipe

shake
leftand

right.
As

a
resultofthe

above
process

the
pipe

is
self-buried

gradually.The
stability

ofthe
self-

burialpipe
increases.

The
m

iddle
w

eightpipe
m

odel
shakes

a
little

in
scour

hole
at

a
certain

velocity,
but

does
not

go
out

ofthe
original

place.
W

hen
the

flow
am

plitude
increases

drastically
atthis

state,the
pipe

w
ould

rollup.
It

is
seen

in
experim

entthatthe
fonnation

ofthe
self-burialphenom

enon
ofthe

pipe
is

related
to

the
accelerating

process
of

the
flow

.
A

slow
acceleration

offlow
leads

to
the

self-burial,w
hile

a
sudden

acceleration
offlow

w
ould

bring
aboutthe

instability
ofthe

pipe,especially
aftera

little
shaking

ofthe
pipe.

The
self-burialphenom

enon
is

also
related

to
the

pipe
w

eight
or

the
initial

burial
depth.

Forthe
sam

e
accelerating

process
the

heavierofthe
pipe

w
eightorthe

deeperofthe
burialdepth

the
m

ore
easy

the
self-burialtakes

place.
Itis

also
observed

in
the

experim
ent

thatthe
characteristics

ofthe
sedim

enttransportation
near

the
separated

point
are

m
ajor

factors
for

the
self-burial

fonnation.
The

self-burialphenom
enon

does
not

occur
in

the
tests

forfixed
pipe

m
odel.

'*l'~
4
%

-
.

_

_:.;_-.B.=-_-,;-_-1-._'-:
.'.-
.
.
.

Fig.5
Schem

atic
drawing

ofself-burialprocess

5.
M

axim
um

equilibrium
scourdepth

The
experim

entalresults
ofthe

m
axim

um
equilibrium

scour
depth

are
obtained

at
e/D=0~1.0

for
the

fixed
pipe

w
ith

D
=2

and
3cm

in
the

presentpaper.
The

ranges
ofthe

experim
entalparam

eters
are

listed
in

Tab.l.
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Table
1-Ranges

ofExperim
entalParam

eters
forD

ifferentBed
M

aterials

-
_

U,,,T
l

_
U,,,D

l
_

f-U3,
Bed

m
aterial

qj
KC

_
__D

qRe
_
.7

9
_

i---(y_1)_g_d50

Fineplasticgrain
"4.30~22.20

0.9><103~4.0><103
I

0.052~0.273
Coarseplasticgrain

M
3.91~31.90

1.3><103~6.5><103
0.049~0.39s

Standardsand
7

6.07~32.57
I

1.3><103~4.9><103
0.030~0.245‘

Forevery
bed

m
aterialthe

testresults
can

be
related

by
a

series
ofoblique

lines
in

the
logarithm

coordinates
ofS/D

and
Kc,where

S
is

the
m

axim
um

equilibrirun
scourdepth.

Fordifferente/D
the

intercepts
ofthe

oblique
lines

are
different,buttheirslopes

only
differ

a
little.

Taking
the

average
ofthese

slopes
the

nonnalized
testresults

are
given

in
Fig.6,

Fig.7,and
Fig.8

in
logarithm

coordinates
ofS/(DA)and

Kc,forfm
e,coarse

plastic
sand

and
for

standard
sand

bed
respectively.

Here
A

represents
the

intercepts
ofthe

oblique
lines

w
ith

average
slope

and
is

a
function

of
e/D

and
D,

as
seen

in
Fig.6(b),

Fig.7(b)
and

Fig.8(b).
Itm

ustbe
pointed

thatm
ostresults

forplastic
sand

are
obtained

atlive-bed
case,

butm
ostresults

forstandard
sand

are
taken

from
the

case,where
sedim

entfarfrom
the

pipe
does

notm
ove.

A
changes

w
ith

e/D
notvery

m
uch

in
Fig.6(b)

and
Fig.7(b)butitchanges

obviously
in

Fig.8(b).
From

Fig.6,Fig.7,and
Fig.8

the
follow

ing
relationship

between
S/D

and
Kc

is
given

by

S
/D

=
A

-K
Cm

(6)
W

here
m

is
a

constantofthe
bed

m
aterial.
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The
driving

forcescausingthescourareclassified
into

two
typesofexternalforces;one

isthe
shearforce

on
the

surface
ofsoillayercreated

by
the

waterflow.A
typicalexam

ple
isthe

scouraround
the

pierofbridge
acrosstheriver.The

otheristhewave
forcegeneratedbyoceanwaves.A

large
scaleofscourin

thecoastalzone
m

ay
be

m
ainly

attributed
to

the
excesspore

pressure
fluctuation

produced
by

wave
action

on
the

seabed.This
paperpresentsthem

echanism
ofthescourcausedbythelatterforcein

theoceanenvirom
nent

W
hen

oceanwavespropagate,the
oscillatorypore

waterpressureiscreatedinthepenneableseabed.Due
to

the
spatialdiiference

ofoscillatory
waterpressure,the

excess
pore

pressure,nam
ely

the
excess

hydraulic
pressure,is

generated
and

the
distribution

ofexcess
pore

pressure
produces

the
seepage

flow
in

the
seabed

W
hen

the
upward

seepage
force

toward
the

seabed
surface

becomes
largerthan

the
effective

overburden
pressurein

the
seabed,theliquefaction

orquicksandoccurs.Oncetheliquefaction
occursatthe

seabedsurface,
the

sand
particles

are
easilytransported

by
waterflow,because

the
shearresistanceofseabed

surface
becomes

nearlyequalto
zero.

The
wave-induced

oscillatory
pore

waterpressure
in

the
seabed

can
be

calculated
on

the
basis

ofthe
consolidation

theory
by

applying
the

appropriate
initialand

boundary
conditions

and
inputdata

Then,the
excessporepressureisevaluatedasthediiferencebetweenthewave-associatedwaterpressureontheseabed
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Consequently,the
eifective

verticalstress
expressed

by
Eq.

(2)
varies

periodically
in

accordance
w

ith
the

chaiseOftheM0.0-P(Z.19};

¢T’t;(-'40
=

O-,v(Z’0)+
{Iv(0.0—P(Zi9}

(2)

Ifthe
cr’,(z,2)attains

zero
orless

atcertain
depths,the

soilskeleton
w

illbecom
e

a
liquefied

state.Thus,the
criterion

forthe
wave-induced

liquefaction
can

be
derived

from
Eq.(2)by

setting
the

verticalefiective
stress,

<r’,(z,1),equalto
zero

orless;
"

<I’..(Z,0)-5
-£061I)-P(Z.»0}=H.(Z.0

(3)

where,p(0,19cm
dp(z,1):the

wave-induced
oscillatorywaterpressure

on
the

seabed
surface

and
in

the
seabed

respectively,0",(z,0):the
initialverticaleffective

stressatarbitrarydepth,z,ofthe
deposit,

o",,(z,Q:the
vertical

effective
stress

atarbitrary
depth,z,ofthe

depositand
tim

e,2‘,Ao",(z,
I):the

wave-associated
effective

stress
change,u,(z,r):theexcessporepressureatarbitrarydepth,z,ofthedepositandtim

e,t.
The

solidcurvesin
Fig.2(b)show

theverticaleifective
stressdistribution

drawnbyreplacingthe
0",(z,0),

with
7/’z,

where
)7

is
the

submerged
unit

weight
ofdeposit.

The
lines

num
bered

(Dand
@

in
Fig.2(b)

correspond
to

onesnum
bered

@
and

@
in

Fig.2(a),respectively.In
Fig.2(b),the

liquefied
zone

shown
bythe

slantlineswheretheverticalstressbecomeszero
orlessappearsnearthe

seabedsurface,underthewavetrough.
As

the
excesspore

pressure
ispositive

in
this

situation,the
transientupward

seepage
flow

is
generatedtoward

the
seabedsurface.

1

lo
)

lb)
W

ave
Crest

lh%
S_tillW

aterLevel
__¥__

4
W
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Trou

h
,

I
P(°Tn_\‘_P(o,:1g
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O
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av

Tos
auoranbP8
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Z
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-

Fig.2
Conceptofwave-inducedliquefactionanddensification:(a)oscillatoryexcessporepressure,(b)effective
verticalstress
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Ifthe
o"’,(z,0),

p(0,t)
andp(z,2)are

given,the
liquefaction

potentialcan
be

evaluated
by

using
Eq.(3).

As
the

o",6z,
0)

is
calculated

from
the

submerged
unitweightofdepositand

the
p(0,

t)
is

conveniently
estimatedbythelinearwavetheory,theonlyfactorto

beknown
isthewave-associatedporepressure,p(z,I),the

evaluationofwhich
ispresentedelsewhere(Zenand

Yanrazak,1990a,1990b).
W

hereas,ifthe
verticaleffective

stress
change,

Ao",(z,
2),reaches

positive
values,say

itexceeds
the

initialverticaleffective
stress,o",(z,0),asshownbythe

line
num

bered
®

in
Fig.2(b),the

wave-induced
stress

exertsaforce
onthe

soilskeletonto
possiblydensiiythe

seabed.
The

spatialdiiferences
ofthe

oscillatory
excesspore

pressure
in

the
seabedw

illexertseepage
forces

on
thesoilskeleton.Asthe

increm
entoftheverticaleffective

stressisrepresentedby;

5’<T’v(Z,U
i”

ft?
’

(4)
0"z

The
verticaleffective

stressisderivedbyintegratingEq.(4);

aura12=fre+1/Z
0)

where,j;the
seepageforce

and
y’;thesubmergedunitweightofdepositEq.(5)isequivalenttoEq.(2)whenthe

0’,(z,0)isidenticalw
ith

)/z.The
seepage

force,j,is
derived

fiom
Eq.(2)bytaking

o"o",(z,0)/o"’z=
1/’and

0"
p(0,r)/82

=0
into

account;

5P(%
1)

1-
-—

—
-

(0
o"z

Thehydraulicgradient,27,andtheflow
velocity,v,arerespectivelygiven

bythe
following

equations;

J.

i=
-
m

(7)
Va/9.

v=
-

—
-—

-
(<9)

11.
W

here,1/Wistm
itweightofwater,k

isthecoefficientofpenneability.
_

Fig.3
showsthe

seepageforce,j,calculatedbyusingthefield
dataonthewave-inducedoscillatorywater
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Fig.3
Liquefaction

dueto
seepageflow

pressure,p(z,
2)(Zen

and
Yam

azaki,
1991,Zen

etal.,
1998).The

j
is

approxim
ately

calculated
using

the
equation,j

=Ap(z,
I)/Z12.Then,the

z’and
v

are
calculated

using
Eqs.(7)and

(8),respectively.In
Fig.3,the

seepage
force

and
hydraulic

gradientindicated
by

solid
circles

becom
e

rem
arkably

largernearthe
seabed

surfacethanthoseatdeeperseabed.Especially,thehydraulicgradientattainsm
orethan

1.0atthe
seabedsurface.

This
difference

is
considered

to
generate

the
upward

seepage
flow

directing
to

the
seabed

surface.The
open

circlesand
solidline

arethe
verticalelfective

stressobtained
fiom

Eq.(2)andEq.(5),respectively.According
to

the
liquefaction

criterion
represented

by
Eq.(3),the

liquefaction
is

sure
to

occuratthe
surface

ofseabed.The
liquefaction

createsalarge
potentialforthe

transportation
ofsuspended

sand
particles.This

isareasonthatthe
scourm

aybe
closelyrelatedto

thewave-inducedliquefaction.
.

R
E

LA
TIO

N
S

H
IP

BETVVEEN
SC

O
U

R
A

N
D

LIQ
U

E
FA

C
TIO

N

The
phenom

ena
called

scourand
sucking

areunderstood
thatthe

sandparticles
consisting

ofseabed
are

carried
away

by
waves

and/orcurrentwithoutsuficientsupply
ofsand

in
the

trace.Then,the
m

agnitude
of

triggering
potentialforthe

scourisnoticedto
begin

with.
Generallyspeaking,the

characteristicsofsand
such

asdensityand
strength

aredifferentbythe
sedim

entation
conditions.

Also,in
the

field
ofgeotechnology,itis

the
com

m
on

sensethatthe
characteristicsrem

arkably
change

due
to

the
action

ofextem
alforces.

V1/henthe
sand

depositbecomes
suspended

due
to

some
reason,the

floated
particles

m
ay

be
easily

transported
even

by
sm

allintensity
ofextem

alforces
such

as
bottom

flow
or

vortex.
In

this
m

eaning,
the

above-m
entioned
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Atpresent,the
design

procedure
and

practicalm
ethod

forpreventing
com

pletely
the

scourdo
notexist.

Asthe
sim

plestway,the
m

ethod
separatingthe

shearstressfrom
waterflow

isapplied
From

geotechnicalpoint
ofview,however,itisnotalways

sufiicientin
oceanenvirom

nent.In
orderto

preventthe
seabedfrom

scour,it
is

recom
m

ended
to

adaptam
ethod

atleasttaking
accountofthe

wave-induced
liquefaction

This
is

achieved,
forexam

ple,byinstalling
thewave

dissipating
concrete

blocksnotdirectly
onto

the
seabedbutonto

the
rubble

m
ound.Large

rubbleisnotsuitable
sothattheoverburdenpressurem

aynotbeequallytransferredtothe
seabed.

Itisdesirable
to

increase
asm

uchaspossiblethe
contactpressurebetweenthewave

dissipating
concreteblocks

and
seabed.The

problem
ofliquefaction,however,stillremainsatthetoe

ofrubble
m

ound,because
only

quite
sm

alloverburden
pressure

is
expected

there.How
to

dealwith
this

toe
problem

is
the

key
for

the
scour

protection.Furthennore,thoughthe
conventionalcountermeasuressuchaswire-cylinder,cloth,asphaltm

atand
gravelm

atexpectthe
effectto

separatethe
seabedfrom

thewave
action

and!orcurrentTheyhave
aweakpoint

againstthe
liquefaction

sincethepropagationoffluctuatingpressureinto
sanddepositcannotbefullyrestrained.

Isthere
any

countermeasureresistantto
the

liquefaction?
The

scourprotection
in

ocean
envirom

nentm
aybe

found
outbytakingthe

liquefactionm
echanism

into
account.

C
O

N
C

LU
D

IN
G

R
EM

AR
KS

The
wave-induced

excess
pore

water
pressure

in
the

seabed
was

analyzed
on

the
basis

ofthe
consolidation

theory
by

applying
the

appropriate
initialand

boundary
conditions

and
inputdata.Then,the

excessporepressurewasevaluatedasthe
difference

betweenthewave-associatedwaterpressure
onthe

seabed
surface

and
the

oscillatory
pore

pressure
in

the
seabed.The

seepage
force

was
calculated

asthe
inclination

of
oscillatorywaterpressuredistributiontothedepth

The
upward

seepageforce
in

thepenneable
seabedwasanalyzedusingthe

field
datato

evaluate
whether

ornotthe
liquefaction

occurred.The
resultofanalysis

showed
thatthe

liquefaction
evidentlyhappened.Once

the
liquefaction

occurs
in

the
seabed

surface,the
sandparticles

are
easilytransported

bythe
waterflow,asthe

shearresistance
ofseabed

surface
becomes

nearly
equalto

zero.In
thatsense,the

excesspore
pressure

and
wave-induced

liquefaction
in

the
seabed

are
very

im
portantin

predicting
the

scourpotentialofpem
reable

seabedin
the

coastalzone.
The

post-liquefaction
phenom

enon
is

one
ofthe

furthersignificanttopics
in

m
aking

clearofthe
scour

potentialinthe
oceanenvironm

ent.
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ABSTRACT
The

papersum
m

arizes
m

ethods
thatare

used
to

predictscourdownstream
ofovertopping

dam
s

in
the

U
nited

States
ofAm

erica.
These

m
ethods

can
be

subdivided
into

physicalhydraulic
m

odelstudies,rigorous
constitutive

com
puterm

odeling
and

em
piricalm

ethods.
Conventional

procedures
are

used
to

conduct
physical

hydraulic
m

odel
studies.

Rigorous
constitutive

m
odeling

is
based

on
Keyblock

Theory
(G

oodm
an

&
Shi1985

and
G

oodm
an

and
H

atzor
1991),

whereas
conventionalem

piricalm
ethods

thatare
used

include
the

Veronese
(1937),Y

ildiz
and

Uzucek
(1994)and

the
M

ason
and

Artunugam
(1985)

equations.
Keyblock

theory
is

directed
at

solving
scour

problem
s

in
hard

rock
blocks,

whereas
the

conventionalem
piricalm

ethods
are

intended
to

predictscourin
cohesionless

granularm
aterial.

The
essence

ofthe
Erodibility

Index
M

ethod
(Arm

andale
1995)

thatis
used

to
predict

scourin
any

earth
m

aterial,including
rock,and

cohesive
and

non-cohesive
granularearth

is
also

presented
in

this
paper.

The
presented

case
studies

illustrate
the

application
ofthis

em
pirical

m
ethod

to
predictscourofrock

and
granularm

aterial.
Com

parison
ofobserved

and
calculated

scour
in

rock
and

granular
m

aterialfor
field

and
near-prototype

experim
entalstudies

indicates
satisfactory

correlation.

IN
T

R
O

D
U

C
T

IO
N

Scour
downstream

of
dam

s,
induced

by
either

large
spillw

ay
flow

s
or

overtopping,
influences

the
safety

ofdam
s.

This
is

a
m

atter
ofinterestto

U
nited

States
Federaland

State
Agencies

thatow
n

orregulate
dam

s.
There

are
currently

m
ore

than
75,000

dam
s

in
the

U
nited

States
N

ational
Inventory

of
Dam

s
(P.L.

99-662,
P.L.

104-303).
The

U.S.
Arm

y
Corps

of
Engineers

(U
SACE)

m
aintains

and
periodically

updates
the

inventory.
M

any
ofthese

dam
s

could
potentially

be
subjectto

dam
foundation

erosion
resulting

from
high

flow
s.

The
issue

is
regularly

considered
during

dam
safety

reviews
and

re-licensing
ofprojects.

Som
e

ofthe
legal

requirem
ents

pertaining
to

the
safety

ofdam
s

are
contained

in
the

N
ationalDam

Inspection
Act,

P.L.92-367.

There
are

tw
o

generalapproaches
to

the
hydrologic

and
hydraulic

safety
ofdam

s
in

the
U

nited
States.

Som
e

agencies
preferto

use
the

Pl\/LF
ora

proportion
thereofto

assess
the

im
pact

ofhydrologic
loading

on
a

project.
O

theragencies
use

risk
based

approaches.
The

em
phasis

of

1
Associate

and
D

irector
W

ater
Resource

Engineering,
G

older
Associates

Inc.,
44

U
nion

Blvd.,
Suite

300,
Lakewood,Colorado.
2Research

H
ydraulic

Engineer,W
aterResources

Research
Laboratory,US

Bureau
ofReclam

ation,Departm
entof

Interior,Denver,Colorado.
3

Senior
Technical

Specialist,
Structural

Analysis
G

roup,
US

Bureau
of

Reclam
ation,

Departm
ent

of
Interior,

Denver,Colorado.
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this
paperis

on
m

ethods
used

in
the

U
nited

States
to

predictand
assess

dam
foundation

erosion,
partofeitherapproach

towards
dam

safety.

Dam
foundation

erosion
assessm

entm
ethods

used
in

the
U

nited
States

include
physical

hydraulic
m

odel
studies,

rigorous
constitutive

com
puter

m
odeling,

and
em

pirical
procedures.

The
results

from
physicalm

odelstudies
are

qualitative,
although

they
provide

valuable
design

and
darn

safety
inform

ation.
Rigorous

constitutive
m

odeling,
based

on
Keyblock

Theory
(G

oodm
an

&
Shi

1985,
G

oodm
an

&
H

atzor
1991)

is
com

plex,
although

analyses
to

evaluate
specific

com
ponents

ofscourproblem
s

have
been

com
pleted.

Currentanalysis
procedures

using
this

approach
do

notfully
accountforthe

fluctuating
pressures

caused
by

the
hydraulic

loading
thatoften

dom
inates

the
scourprocess.

Em
piricalequations

for
predicting

scour
depth

include
the

Veronese
equation

(updated
by

Y
ildiz

1994)
and

the
M

ason
&

Arum
ugam

(M
ason

&
Arurnugarn

1985)
equation.

The
principle

concem
w

ith
these

equations
is

theirinability
to

com
prehensively

accountform
aterial

properties.
The

Veronese
/

Y
ildiz

equation
does

not
contain

any
allowance

for
m

aterial
properties.

Although
the

M
ason

&
Arum

ugam
equation

contains
an

allowance
for

particle
diam

eter,
a

large
ntunber

of
dam

foundation
erosion

problem
s

deals
w

ith
scour

of
rock.

Selection
ofan

appropriate
particle

diam
eter

to
representrock

properties
presents

a
practical

problem
.Research

by
the

U
nited

States
Bureau

of
Reclam

ation,
G

older
Associates

Inc.
and

Colorado
State

U
niversity

into
an

em
pirical

m
ethod

know
n

as
the

E
rodibility

Index
M

ethod
(Annandale

1995)
shows

good
agreem

ent
between

observed
and

calculated
scour

of
earth

m
aterials

thatinclude
rock,and

cohesive
and

non-cohesive
granularm

aterial.
This

m
ethod

uses
a

geo-m
echanicalindex

to
quantify

the
relative

ability
ofearth

m
aterialto

resisterosion.
A

n
em

piricalrelationship
between

the
geo-m

echanicalindex
and

the
erosive

power
ofw

ater
that

defm
es

an
erosion

threshold
forany

earth
m

aterialm
akes

itpossible
to

estim
ate

erosion
potential

and
calculate

scourdepth.

This
papersum

m
arizes

the
differentapproaches

to
assess

dam
safety

issues
pertaining

to
hydrologic

loading
on

dam
s,and

presents
m

ethods
thatare

used
in

the
U

nited
States

to
assess

dam
foundation

erosion.
Keyblock

Theory,conventionalem
piricalequations

and
the

E
rodibility

Index
M

ethod
are

briefly
discussed.

The
paper

concludes
w

ith
case

studies
that

illustrate
application

ofthe
E

rodibility
Index

M
ethod.

P
M

F
A

N
D

R
IS

K
B

A
S

E
D

A
P

P
R

O
A

C
H

E
S

Currentpolicy
by

US
Agencies

to
assessthe

hydrologic
safety

ofdam
s

includes
Probable

M
axim

um
Flood

(PM
F)and

R
isk

Based
approaches.

Traditionalstandards-based
approaches

to
evaluate

the
potential

for
overtopping

rely
on

routing
the

PM
F

or
som

e
percentage

thereof
through

a
reservoirsystem

,to
determ

ine
the

potentialdepth
and

duration
ofdam

overtopping,or
the

potentialfor
dam

aging
spillw

ay
flow

s.
Spillw

ays
and

outletw
orks

are
assum

ed
to

function
in

accordance
w

ith
operating

criteria
during

the
routings.

The
dam

m
ustbe

shown
to

be
stable

forthis
m

axim
um

loading
in

orderto
pass

the
standard.

Such
an

analysis
includes

assessm
entof

the
im

pactofform
dation

scouron
dam

stability.
The

m
agnitudes

ofPM
F’s

are
based

on
H

ydro-
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6.
A

water
pressure

is
assigned

to
the

potential
open

faces
of

the
critical

keyblocks
and

the
lim

itequilibritun
analysis

is
repeated.

Instability
(factorof

safety
less

than
1.0)forthis

case
indicates

the
block

w
ould

likely
be

rem
oved

by
the

flow
ing

water.

Although
som

e
m

odestresearch
exam

ines
the

effects
ofhydrodynam

ic
forces

acting
on

the
potentially

open
jointplanes,to

date
the

analyses
ofabutm

enterosion
have

only
considered

hydrostatic
forces

acting
on

thesejoints.
The

hydrodynam
ic

forces
produced

by
im

pinging
water

penetrating
the

jointplanes
m

ay
be

m
uch

largerthan
the

hydrostatic
forces

acting
on

ajointfull
ofwater.

Hence,this
is

an
im

portantconsideration
w

ith
regard

to
abutm

enterosion,requiring
furtherresearch.

C
onventionalE

m
piricalM

ethods

Equations
used

in
the

pastto
calculate

plunge
poolscourare

the
Veronese,M

ason
and

Artunugam
,

and
Y

ildiz
and

Uzucek
equations.

O
f

these
equations

only
the

M
ason

and
Artunugam

equation
acknowledges

thatm
aterialresistance

plays
a

role
in

scour.
Equation

(2)is
the

Veronese
(1937)

equation.
The

equation
yields

an
estim

ate
oferosion

m
easured

from
the

tailw
atersurface

to
the

bottom
ofthe

scourhole.

Y
8

=
1

.9
0

H
0

.2
2

5
q

0
.5

4

Y,=
depth

oferosion
below

tailw
ater(m

eters)
H

=
elevation

difference
between

reservoirand
tailw

ater(m
eters)

q
=

unitdischarge
(m

3/s/m
)

Y
ildiz

and
U

zucek
(1994)

presents
a

m
odified

version
of

the
Veronese

equation,
including

the
angle,0:,ofincidence

from
the

vertical,ofthe
jet.

Y,=1.90H°~’”q°-54cosa:
(3)

Equation
4

is
the

M
ason

&
Arurnugarn

(1985)prototype
equation.

x
y

w

r—
Kqi?

(a
g

d

h
=

tailw
aterdepth

above
originalground

surface
(m

eters)
d

=
m

edian
grain

size
ofform

dation
m

aterial,d5@
(m

eters)
g

=
acceleration

ofgravity
(m

/s2)

K=6.42—
3.1-H°'1°

x=0.6—
fl—

v=0.3
300
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y=O
.l5+—

I-{—
w

=
0

.l5
200

z=
0.lO

d=0.25m

U
nlike

the
Veronese

and
the

Y
ildiz

and
Uzucek

equations,the
M

ason
and

Arum
ugarn

equation
includes

a
m

aterialfactor,
d.

Although
it

is
an

attem
ptto

acknowledge
the

role
that

m
aterialproperties

play
in

resisting
scour,itis

unlikely
thatthis

factoradequately
represents

the
variety

ofm
aterialproperties

found
in

foundation
m

aterials.

E
rodibility

Index
M

ethod

Annandale
(1995)

developed
the

E
rodibility

Index
M

ethod
by

analyzing
scour

events
from

approxim
ately

150
field

observations
and

by
analyzing

published
laboratory

data
pertaining

to
the

initiation
ofm

otion
ofsedim

entparticles
subjectto

flow
ing

water.
A

n
erosion

threshold
was

established
by

plotting
the

Erodibility
Index

for
differentrock

types
and

cohesive
and

non-
cohesive

granularsoils
againststream

power,and
noting

whetherscouroccurred
ornotfor

each
eventunderconsideration.

The
Erodibility

Index
thatwas

used
to

quantify
the

relative
ability

of
the

earth
m

aterialto
resisterosion

is
identicalto

Kirsten’s
Excavatability

Index
(Kirsten

1982).
Kirsten’s

Excavatability
Index

is
used

to
characterize

rock
for

determ
ining

the
pow

er
requirem

ents
of

earth
m

oving
equipm

ent
that

can
rip

the
subject

m
aterial.

The
index,

as
form

ulated
in

the
E

rodibility
Index

M
ethod,is

expressed
as11116productoffourparam

eters,

K
=

M
sK

bK
dJs

(5)

K
=

Erodibility
Index

M
,=

intactrock
strength

param
eter

Kb
=

block
size

param
eter

K4
=

shearstrength
param

eter
J,=

relative
orientation

param
eter.

The
values

ofthe
param

eters
are

detennined
by

m
aking

use
oftables

and
equations

that
are

published
in

Annandale
(1995)

and
Kirsten

(1982).
The

intact
earth

m
aterial

strength
param

eter
is

equated
to

its
unconfined

com
pressive

strength
in

M
Pa

for
strengths

greaterthan
10

M
Pa.

The
block

size
param

eteris
a

function
ofRQ

D
and

ajoint
setnum

berin
the

case
of

rock,
and

a
fim

ction
ofm

edian
particle

diam
eter

in
the

case
of

cohesionless
granular

earth
m

aterial.
The

shear
strength

param
eter

is
a

function
ofa

joint
roughness

num
ber

and
a

joint
alteration

num
ber,orthe

tangentofthe
residualintem

alangle
offiiction

in
the

case
ofgranular

soils.R
elative

orientation,in
the

case
ofrock,is

a
frm

ction
ofthe

relative
shape

ofthe
rock

and
its

dip
and

dip
direction

relative
to

the
direction

of
flow

.
The

m
aterial

characteristics
are

generally
obtained

from
borehole

data,field
testing

(such
as

vane
sheartesting)

and
laboratory

testing
(to

obtain
the

unconfined
com

pressive
strength).

It
is

also
possible

to
obtain

param
eter

values
by

m
aking

use
ofgeologic

descriptions
ofthe

m
aterial.

The
relative

m
agnitude

ofthe
erosive

pow
erofthe

wateris
quantified

by
stream

power,
also

know
n

as
rate

ofenergy
dissipation.

This
param

eteris
used

because
ofits

close
relation

to
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turbulence
intensity

and
pressure

fluctuations
(Annandale

1995),
the

hypothesized
principal

cause
ofscour.

Stream
power,P,is:

P=2/-q-AE
(6)

=
stream

pow
er(KW

/m
2)

=
tm

itw
eightofwater(=

9.82KN/m
3)

=
tm

itdischarge
(m

3/s/m
)

=
energy

loss
expressed

in
term

s
ofhead

perunitlength
offlow

(m
/m

)
E;*s=x'"e

Annandale
(1995)used

equation
6

to
derive

a
num

berofotherequations
thatcan

be
used

to
calculate

stream
powerfor

a
variety

offlow
conditions,including

headcuts,knickpointflow
,

hydraulic
jum

ps,etc.
Sets

ofgraphs
thatcan

be
used

to
calculate

stream
pow

er
atthe

base
of

bridge
piers

(Sm
ith

etal.1997)have
also

been
developed.

Application
ofthe

m
ethod

requires
expertise

in
engineering

geology,
and

geotechnical
and

hydraulic
engineering.

Approaching
scouranalysis

from
an

interdisciplinary
pointofview

,
especially

on
large

im
portantprojects,is

advisable.

The
erosion

threshold
thatrelates

the
E

rodibility
Index

to
stream

pow
er

is
presented

in
Figure

2.
The

solid
m

arkers
represent

events
where

scour
was

observed,
whereas

the
open

m
arkers

representevents
where

scourdid
notoccur.

The
dotted

line
represents

the
approxim

ate
location

ofthe
erosion

threshold.

The
extent(depth)ofscouris

determ
ined

by
com

paring
the

stream
pow

erthatis
available

to
cause

scour
to

the
stream

pow
er

that
is

required
to

scour
the

earth
m

aterial
under

consideration.

Figure
3

shows
how

the
available

and
required

stream
power,both

plotted
as

a
function

of
elevation

beneath
the

riverbed,are
com

pared
to

detennine
the

extentofscour.
Scourw

illoccur
when

the
available

stream
powerexceeds

the
required

stream
power.

O
nce

the
m

axim
um

scour
elevation

is
reached

the
available

stream
poweris

less
than

the
required

stream
power,and

scour
ceases.
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dam
.

Later
analysis

indicated
thatthe

darn
w

ould
have

been
overtopped

by
the

1964
flood

even
ifallgates

were
fully

opened
as

early
as

June
1st.

Although
the

rock
strength

and
jointing

appeared
to

be
quite

resistantto
erosion

during
this

event,a3
to

5
foot(0.9

to
1.5

m
)thick

concrete
overlay

w
ith

anchorbolts
was

placed
where

the
overtopping

flow
im

pinged
on

the
rightabutm

entand
foundation

(Figure
8)to

protectagainst
even

largerfloods
up

to
the

probable
m

axim
um

flood
(PM

F).
The

steeper
left

abutm
entwas

treated
w

ith
rock

bolts
and

a
concrete

cap
in

m
ajor

surface
fracture

zones
(Figure

9).
This

m
odification

was
deem

ed
prudent

given
the

large
degree

of
uncertainty

associated
w

ith
determ

ining
erodibility

atthe
tim

e
when

m
odifications

were
designed.

Back
calculations:

The
em

piricalapproach
to

detennining
erodibility

presented
in

this
paperwas

subsequently
used

to
detennine

ifitw
ould

accurately
predictthe

observed
response.

This
approach

is
based

on
the

stream
powerofthe

im
pinging

jet,and
the

erodibility
index

ofthe
m

aterialbeing
hit.

Annandale’s
(1995)

graph
suggests

that
erosion

ofrock
is

possible
if

the
iaggqigfirble

stream
power

is
greater

than
the

erodibility
index

raised
to

the
0.75

power
(Pr

>=

The
Erodibility

Index
is

com
puted

as
K=(M

,)(Kg,)(Kd)(J_,).
The

value
of

each
of

the
param

eters
m

aking
up

the
E

rodibility
Index

is
obtained

from
tables

in
Annandale

(1995).M
,is

an
evaluation

ofthe
m

ass
(intact)

strength
ofthe

foundation.
This

varies
depending

on
whether

the
foundation

is
a

granularsoil,a
cohesive

soil,orrock.
The

m
ajority

ofthe
fotm

dation
rock

at
G

ibson
Darn

is
lim

estone
and

dolom
ite

(referred
to

as
lim

estone
in

m
uch

ofthe
docum

entation).
Forthe

evaluation
atG

ibson,the
value

ofM
,is

equalto
the

unconfm
ed

com
pressive

strength
in

M
Pa.

The
average

value
from

laboratory
tests

was
22,900

lb/in2
(158

M
Pa).

Som
e

weaker
intensely

fractured
beds

(about6
to

l0
feet(1.8

to
3.0

m
)

thick)
are

present,particularly
on

the
leftabutm

ent.
The

rock
in

these
beds

w
ould

have
a

low
erstrength,perhaps

by
a

factorof2
to

4
(40-80

M
Pa).

Laboratory
testing

perfonned
on

the
concrete

during
originalconstruction

ofthe
darn

resulted
in

an
average

unconfined
com

pressive
strength

ofabout2940
lb/inz

(20
M

Pa).

Kb
is

an
index

related
to

the
m

ean
block

size.
It

can
be

estim
ated

as
the

rock
quality

designation
(R

Q
D

)
divided

by
the

joint
setntunber(Jn).

The
dam

foundation
lim

estone
varies

from
thin

beds
a

few
inches

thick
to

m
assive

beds,8
to

10
feet(2.4

to
3.0

m
)thick.

The
rocks

were
found

to
be

broken
by

severalfissures,w
hich

follow
ed

the
bedding

surfaces
very

closely.
Anotherprom

inentjoint
setwas

m
apped

on
each

abutm
ent,and

there
were

otherm
inorjoints.

This
corresponds

to
ajointsetnm

nberof2.24.
The

R
Q

D
was

notlogged
forholes

drilled
on

the
downstream

right
abutm

ent,
but

in
generalthe

rock
was

recovered
in

long
sticks

w
ith

a
few

fractured
zones.

Based
on

core
recovery

num
bers

and
field

observations,the
average

R
Q

D
is

probably
about

90-95%
,

w
ith

isolated
areas

ranging
dow

n
to

about
80%

.
This

results
in

Kg,
values

between
about35.7

and
42.4.

The
intensely

fractured
beds

w
ould

have
an

R
Q

D
ofabout

17%
based

on
field

m
easurem

ents.
This

corresponds
to

a
Kb

value
ofabout7.6.

The
concrete

was
placed

in
4-foot(l.2m

)
lifts

using
large

blocks
generally

encom
passing

the
entire

thickness
ofthe

dam
.

The
contraction

joints
are

w
idely

spaced
(35

to
60

feet(10.7
to

18.3
m

))and
keyed.

Although
som

e
liftlines

exhibitm
inorseepage

athigh
reservoirelevations,the

lifts
were

cleaned
w

elland
also

keyed.
The

value
ofK1,forthe

concrete
should

be
high,say

about80
orhigher.
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erodibility
index

are
based

largely
on

the
conditions

rem
aining

afterthe
1964

overtopping
event.

The
intensely

fractured
zones

w
ould

be
expected

to
erode,

except
perhaps

near
the

crest.
Although

the
observed

am
ountoferosion

in
these

zones
was

notexcessive,this
is

believed
to

be
consistentw

ith
the

observed
behavior.

The
results

ofthis
study

supportthe
conclusion

thatthere
probably

was
som

e
erosion

of
w

eak
rock

(intensely
fractured

beds)
or

dam
aged

concrete
in

areas
where

there
was

little
dissipation

ofenergy
from

the
tailwater.

There
was

som
e

surficialerosion
and

scouring
ofloose

m
aterialduring

the
experienced

overtopping,butnotm
uch,asjudged

from
the

condition
ofthe

foundation
afterthe

overtopping.
The

concrete
should

notbe
vulnerable

to
erosion

provided
that

the
concrete

rem
ains

intactand
there

isn’tdegradation
ofthe

concrete
by

cracking,freeze-thaw
action,or

vandalism
.

The
decision

to
protectthe

intensely
fractured

beds
appears

to
be

sound
under

any
scenario.

The
areas

of
abutm

ent
rock

m
ost

susceptible
to

erosion
for

higher
overtopping

flow
s

have
been

protected.
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concentration
ofthe

jetatim
pact(A;),the

nozzle
elevation,the

watersurface
elevation,and

the
m

edian
diam

eterofthe
road-base

m
aterial(D50)in

m
eters.

Table
1

-Experim
entalparam

eters
I
t

i
‘

H
i
’

'
*
7

’_
I

1
1

3
L

i
i

I
—

’_
'

Experim
ent

¢
p

0:
Q

v,,
v,-

A
;

Noz.E
l.

W
S

El.
Az

D50
1

15°11.9°*2.74‘10T82'5.7564.7%
6184

_l3.35
3.49'1.00E-'62

2
'15°12.1°

2.74,10.82I5;80'63.1%
6.84

3.66
3.18

1.0013-02
°'

‘T’
’

I
7°

6.84
DJ

3.68
73.76-1-.00E-02

J

15
.11.7°

2.74
10.82

5.72
66._0fi>

15°
1l2.3°

2.74
110.82“5.86.61.5%

1
6.84

-IL"-
3.93

2.911.001;-02
‘S

'
25°20.2°2.74'10.82

5.8561.7%
6.89'

U1
3.94

2.95
;l.00E

-02
ON

525°l19.5°,2.74[10.82'5.75
65.0%

6.89
3.34

13.55
l.00E

-02
\lI

25°'18.8°2.74
10T82l5.6568.3%

6.89
2.56

4.33T1.00E-02
A

'25°I19.1°2.74.‘10.82‘5.69
67.0%

I
6.89“

O0
2.90

‘3.99'1.00E'-T02
5

9
I

35°.26.9°2.7410.82'5.7-465.3%
6.96

3.35
3.61

Il.00E
-02

10
'

35°27.9°2.7410.82
5.841619%

6.96
3.97

2.98 1.00E-02
111

""35°
26.'5°2.74'10.82'5.70

66.7%
6.96

3.03
3.93

1l.00E
-02

L
_12_

_'35°_25.8°_2.fi'1p.82‘_5.6568.4%
6.96

2.59
14.37‘l.00E

-02

0:=
arctan[

v°Si1:¢
j

(7)
\/(120cos¢)

+
2gAz

E
rodibility

Index
(K):

The
E

rodibility
Index,

_K,
is

used
to

quantify
the

granular
m

aterial’s
relative

ability
to

resisterosion.
Itis

the
productofthe

M
ass

Strength
Num

ber,M
s,

the
Block

Size
Ntunber,

Kb,
the

Shear
Strength

Ntunber,
K4,

and
Relative

G
round

Structure
Num

ber,JS.

K=M.-K.~K.-J.
<8)

M
ass

Strength
N

tunber(M
i)

From
Table

1
ofAnnandale

(1995)
the

M
ass

Strength
Num

ber,
M,-,

for
granular

soil
between

loose
and

m
edium

density
is

equalto
0.07.

Block
Size

N
um

ber(K9)

The
particle

Block
Size

N
um

ber,
Kb,

for
cohesionless

granular
m

aterials
can

be
detennined

directly
by

(Annandale
1995):K

b
=1000D§0

(9)

A
m

edian
grain

size,D
50,of10

m
m

yields
a

block
size

num
berequalto

1.00E-03.
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ShearStrength
N

um
ber(Kg)

Forgranularm
aterials,the

ShearStrength
Ntunber,Kd,approxim

ates
tan((p),where

cp
is

the
equivalentresidual(m

inim
um

)
fiiction

angle.
This

angle
for

the
experim

entalm
aterialis

approxim
ately

40°,yielding
a

shearstrength
num

berequalto
0.84.

R
elative

G
round

Structure
N

um
ber(@

)

The
Relative

G
round

Structure
Num

ber,J_,,is
equalto

1.0
forgranularm

aterials.

E
rodibility

Index
C

alculation

The
productofthe

fournum
bers

yields
an

erodibility
index

roughly
equalto

5.87E-05.

K,=(0.07)(1.00E-03)(0.84)(1.0);5.876-05
(10)

R
equired

Pow
er:

From
Annandale

(1995),
the

pow
er

(kW
/m

2)
required,pR,

to
erode

earth
m

aterialin
the

low
errange

ofE
rodibility

Index
num

bers
is

a
function

ofK:

480
044

=
--1

6
11

PR
1000

(
)

Rate
ofEnergy

D
issipation

Available
Pow

er:The
pow

er(kW
/m

2)available
from

the
plunging

jetto
erode

the
earth

m
aterial

w
ithin

the
plunge

pool
is

a
function

of
jet

hydraulics.
From

Bohrer
and

A
bt

(Bohrer
1996)the

velocity
along

the
centerline

ofajetin
a

plunge
poolis

a
function

ofthe
jet

velocity
atim

pact,the
angle

ofim
pact,the

airconcentration
ofthe

jetatim
pact(represented

by
the

ratio
ofairand

waterdensities)
and

gravitationalacceleration.
Equation

(12)
describes

this
functional

relationship,
follow

ed
by

the
lim

its
of

application.
Equation

(13)
expresses

the
distance

along
the

centerline.

-111(1)=-0.5812111[J-"-*-I1/+37’)+2.107
(12)

V1
P...

8L

-0.293lnH£’—
][L/in52.6

P...
813

L=_-Z1
"Z1

(13)
C

O
SO

!

The
rate

ofenergy
dissipation,

or
available

power,is
a

discretized
function

ofthe
total

head
atvarious

elevations
along

the
centerline

ofthe
subm

erged
jet.

Equation
(14)

shows
a
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(The
inter-particle

fiiction
angle

corresponds
to

the
arctangentvalue

ofKd,
i.e.arctangent(0.75)

=
36.9°).

Relative
G

round
StructureN

um
ber

From
Table

7
in

Annandale
(1995)

the
value

ofJ,
for

a
45

degree
dip

angle
in

the
direction

offlow
,and

a
relative

shape
of15.5/2.5

=
6

(i.e.,a
ratio

of1:6),is
0.44.

E
rodibility

Index
C

alculation

The
productofthe

four
num

bers
is

an
estim

ate
ofthe

erodibility
index

roughly
equal

to
69.

K,=(12)(17)(0.75)(0.44)s69
(23)

Rate
ofEnergy

D
issipation

Itis
assum

ed
thatallthe

energy
is

dissipated
atthe

location
where

the
jetim

pinges
on

the
sim

ulated
rock.

The
totalrate

ofenergy
dissipation

is
equalto

the
productofthe

unitw
eightof

water(7),the
discharge

(Q
),and

the
change

in
energy,AE.

P=;/-Q-AE
(24)

The
rate

ofenergy
dissipation

perunitarea
(p)is

equalto
the

rate
ofenergy

dissipation
divided

by
the

horizontalprojection
ofthe

area
ofthe

jetatim
pact,A

,-.
14

9192»
1,733‘

J
/

P=L
T

17;.
(25)

'
J
’

[L
2

l,-‘Ir

In
this

application,
the

change
of

energy,
AE,

is
equal

to
the

total
available

energy
between

the
nozzle

and
the

tailwater
surface.

This
supposes

that
100%

ofthe
totalavailable

energy
is

dissipated
in

the
erosion

process.
The

watercushion
in

the
experim

entwas
keptto

a
m

inim
um

in
orderto

sim
plify

the
estim

ate
ofthe

rate
ofenergy

dissipation.

Table
2

contains
the

calculations
and

param
eters

used
to

determ
ine

the
rate

of
energy

dissipation.
The

totalhead,H
,is

the
stun

ofthe
nozzle

elevation
and

the
velocity

head
m

inus
the

tailw
ater

elevation.
The

calculations
assum

e
that

the
total

available
head

is
converted

into
kinetic

energy
and

dissipates
at

the
point

of
contact

w
ith

the
foundation.

For
this

experim
entw

ith
ajetw

idth
atim

pactof3.0
ft(approxim

ately
1m

)arate
ofenergy

dissipation
of

P=22.6kW/m2isindicated.
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Fig.1
-G

eneralscourand
sedim

entation
recorded

atSan
Juan

R
iver,nearB

luff,Utah,U
SA,

on
Sept.-O

ct.1941

N
IE

T
H

O
D

P
R

O
P

O
S

E
D

The
initialm

ovem
entofbed

load
particles

and
theirlifting

to
putthem

in
suspension

are
random

processes
govem

ed
by

the
instantaneous

shearstress
developed

in
the

vicinity
ofeach

particle.
A

stochastic
or

probabilistic
approach

to
quantify

the
bottom

scour
seem

s
to

be
an

adequate
solution.

However,
in

this
w

ork
a

different
criterion

w
ill

be
applied

because
ofthe

follow
ing

reasons:the
lack

ofsufficientreliable
data

on
the

conditions
underw

hich
a

particle
becom

es
suspended

and
rem

ains
in

suspension;
the

relative
accuracy

of
the

friction-related
fonnulas

thatare
used

to
obtain

the
depth

ofscour;and
the

com
plexity

ofthe
potentialresulting

equations
ofno

practicaluse
to

designers.

H
ypotheses

1.-
The

first
hypothesis

establishes
thatthe

bed
load

m
aterialis

lifted
and

suspended
when

the
verticalcom

ponent
0'

ofthe
turbulence

is
largerthan

the
free

fallvelocity
a1

ofthe
particles.

Since
the

peak
value

of
0'

is
related

to
the

shearvelocity
U

.,
an

expression
can

be
w

ritten
as

U
.

=
aco

(1)
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equations
developed

by
M

aza-Alvarez
and

G
arcia-Flores

(1986)
were

used
to

obtain
those

diam
eters.

However,
there

was
som

e
uncertainty

aboutthe
degree

ofarm
oring

that
could

be
reached

atthe
scoured

bed
as

a
resultofa

high
sedim

enttransportrate.Itis
quite

probable
that

the
m

ean
bed

diam
eteratthe

tim
e

ofthe
occurrence

ofthe
peak

scourbecom
es

higherthan
the

value
corresponding

to
the

original
sam

ple.
Therefore,

D84ofthe
original

sam
ple

ofthe
bed

m
aterialwas

selected
as

the
representative

diam
eterto

obtain
the

fi"ee
fallvelocity;equation

(1)
can

be
then

w
ritten

asfollow
s:

U
.

=
a

(084
(4)

In
this

lastequation
the

coefficienta
can

take
into

account,atleaston
a

partialbasis,the
factofconsidering

D84
instead

ofthe
actualdiam

eterlikely
to

be
found

atthe
partly

arm
ored

riverbed.VVhen
field

m
easurem

ents
are

m
ade,ifthey

are
taken

from
the

scoured
bed,the

values
of

D
,

and
a),

proposed
by

each
ofthe

authors
ofthe

flow
resistance

equations
referred

to
in

subsequentparagraphs
should

be
taken

into
account.

3.-
The

third
hypothesis

establishes
that

during
the

transitofthe
flood,

and
therefore

during
the

scouring
process,

the
w

idth
ofthe

river
bed

rem
ains

constant.
Furtherm

ore,
it

is
considered

that
during

the
calculations

the
flow

discharge
along

a
unit

w
idth

rem
ains

theoretically
constantwhen

the
bed

elevation
subsides.

P
R

O
P

O
S

E
D

E
Q

U
A

T
IO

N
S

In
orderto

quantify
the

generalscouritis
required

to
use

asstarting
equation,one

related
to

flow
resistance.

It
is

possible
in

these
equations

to
differentiate

the
friction

induced
by

the
particles

from
bed

Lm
dulations,

as
occurs

in
those

proposed
by

Engelund,
Paris,

and
Alam

,
Lovera

and
Kennedy.

O
ther

equations
take

into
accountthe

com
bined

effect
ofparticles

and
undulations,

such
as

those
developed

by
G

arde
and

Ranga-Raju,
Brow

nlie,
C

ruickshank
and

M
aza,and

Karim
and

Kennedy.This
paperpresents

the
deduction

ofthe
equations

to
evaluate

the
generalscourbased

on
the

equation
offlow

resistance
proposed

by
Cruickshank

and
M

aza;
subsequently,only

the
finalequations

ofgeneralscourobtain
fi'om

the
equations

ofKarim
and

Kennedy,and
from

M
anning's

are
presented.

F
R

O
M

T
H

E
E

Q
U

A
T

IO
N

O
F

C
R

U
IC

H
S

H
A

N
K

A
N

D
M

A
Z

A
(1973)

These
authors

suggested
tw

o
equations

to
obtain

the
m

ean
velocity

U.
O

ne
ofthem

corresponds
to

flow
under

low
erregim

e
and

the
otherto

upperregim
e;both

are
applicable

to
river

beds
w

ith
particle

sizes
w

ithin
the

range
ofsands

to
gravel

(0.00007
5

D50
2

0.008
m

)
.

The
generaldepth

ofscourofthe
riverbed

w
illbe

then
determ

ined
when

a
flood

occurs,based
on

the
form

ula
forlow

erregim
e

and
indicating

allstages
necessary

to
deductit.

The
equation

proposed
to

evaluate
the

m
ean

velocity
U

,
forlow

erregim
e

conditions
is:
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0.634
Q_456

U
=7.580),,

(5)
(5)

1),,
A0.35

1
h

E
2s3.5E@

)
(6)

w
hich

is
valid

if:

The
variables

notyet
defined

are:
h,

flow
depth,

in
m

;D84,
particle

diam
eter

ofbed
m

aterialin
w

hich
84%

are
sm

allerthan
thatsize,in

m
;0150,

free
fallvelocity

in
clearwaterfor

particles
w

ith
diam

eter
D50,in

m
/s;

and
S

is
the

hydraulic
gradient.

The
generalscouris

calculated
fora

flow
discharge

associated
to

a
certain

return
period.

To
perform

the
calculation

ofscour
it

is
assum

ed,
atleasttheoretically,

thatthe
design

flow
discharge

m
oves

through
the

area
form

ed
between

the
m

axim
um

elevation
ofthe

watersurface
and

the
originalcross

section
area

surveyed
priorto

the
occurrence

ofthe
flood

or
before

the
flood

season.
This

condition
does

not
happen

in
nature

because
when

the
m

axim
um

water
elevation

occurs,the
m

axim
um

scourofthe
riverbed

also
takes

place.
In

otherwords,from
the

very
first

m
om

ent
ofthe

flood,
and

when
the

flow
is

already
capable

of
suspending

m
ore

particles
than

those
being

sedim
ented,the

scouring
process

actually
takes

place.Therefore,the
bed

subsidence
continues

whereas
the

flow
discharge

keeps
on

increasing
atthe

cross
section

understudy.

The
assum

ption
referred

to
before

is
applied

w
ith

the
purpose

ofdefining
the

distribution
ofthe

unitflow
discharges

existing
across

the
cross

section
during

the
transitofthe

peak
flow

discharge.
The

unitflow
discharge

along
any

verticalofa
river

cross
section

can
be

obtained
w

ith
tw

o
differentprocedures.The

firstofthem
is

as
a

frm
ction

ofthe
initialtheoreticalflow

depth
ho,

m
easured

between
the

m
axim

um
water

elevation
upon

passage
ofthe

design
flow

discharge
Qd

and
the

bed
elevation

given
by

the
original

cross
section

surveyed
when

flow
discharges

are
sm

all(dry
season)

(see
figure

2).
In

this
case

the
higher

ho
the

higherthe
unit

flow
discharges.

The
second

approach
to

fm
d

outthe
unitflow

discharges
im

plies
theirdirect

m
easurem

ent
during

the
transit

ofthe
flow

discharge
Qd,

as
suggested

by
Schreider

er
al.

(1999).
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-G

eneralscourata
verticaland

scoured
cross

section

Taking
into

accountthe
above

assum
ptions

and
using

equation
(5),the

flow
discharge

passing
through

the
theoreticalcross

section
already

described
can

be
expressed

asfollow
s:

Q
7.5805,,B,h,},~°34{s)°"““

(7)
d

D8q.6a4
A

where
B,

is
the

effective
w

idth
ofthe

free
water

surface,
in

m
;

and
Qd

is
the

design
flow

discharge,i.e.the
peak

flow
ofthe

flood
forw

hich
the

generalscouris
going

to
be

calculated,in
m

3/s.
Q0.

is
associated

to
a

certain
return

period
T,

to
be

selected
beforehand

in
tenns

ofthe
problem

to
be

solved.
Forexam

ple,forcalculating
the

totalscourin
bridge

design,the
value

of
T

ranges
from

50
to

100
years.

O
n

the
otherhand,

hm
is

the
m

ean
depth

ofthe
cross

section,in
m

,
defined

by
the

waterelevation
upon

passing
ofthe

peak
flow

discharge
ofthe

flood
and

by
the

initialprofile
ofsuch

cross
section,and

given
by

the
relationship

hm
=

A/Be,
where

A
is

the
hydraulic

area,in
m

2.

W
hen

passing
the

flow
discharge

Qd,
the

tm
itflow

qr
thatm

oves
through

any
vertical

(unitw
idth)w

ith
a

depth
ho

is
equalto:7.5805,,h,‘~°“

s
°"“5°

qr
-

I
D8g.634

I
A

(8)

A
fter

dividing
equation

(7)
by

equation
(8),

i.e.
Qd

/qr,
and

solving
for

qr,
the

follow
ing

expression
is

obtained:
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Q
h

1.634

=
_
d

._Q.
9

q.
Be

()

This
equation

defines
the

distribution
of

the
unit

flow
discharges

through
the

cross
section,as

a
function

ofthe
initialdepth

ho.

M
ention

has
been

m
ade

thatsuch
unitflow

discharge
has

to
pass

during
the

w
hole

river
bed

scouring
process

thatw
illstop

upon
reaching

a
certain

depth
hs

in
w

hich
the

equilibritun
is

achieved
am

ong
lifted

and
settled

particles.
Therefore,forthe

equilibritun
condition,i.e.forthe

peak
scour,equation

(8)can
be

w
ritten

as:

7
.5

8
0
)

121.634
510.456

qe
_

1
(1)6345

0.456
(10)

D
A

84

In
order

to
express

the
unit

flow
discharge

in
term

s
ofthe

shear
velocity

U
..,

the
follow

ing
transfonnation

can
be

m
ade:

758
Q50

hsrrvs
hs0.456

S0456
g0.456

qe
T

D8q.6s4
g0.456

A0456
(11)

where
q,

is
the

unit
flow

discharge
under

w
hich

particles
thatbecom

e
suspended

and
those

already
settled

are
in

equilibritun
when

the
flow

depth
becom

es
equalto

hs.

Ifitis
taken

into
accountthat

U
.=

(g
h

S)0'5,equation
(11)is

transform
ed

asfollow
s:

7
'5

8
$

5
0

h
sl.l7

8
U

‘0
.9

l2

qe
D8q.634

A0456
g0.456

(12)

As
established

before,
during

the
fullscotuing

process
the

unitflow
discharge

ateach
tm

itw
idth

rem
ains

constant;therefore:

qr=<15
(13)

Ifequations
(9)and

(12)are
m

atched,then:

Q
i

fig
1.634

—
7.58

C050
hS1.17sU*0.912

(14)

Be
hm

D801634
(g

A)0.456

178















The
coefficient

a
of

equations
(16),

(25)
and

(29)
is

bound
to

be
corrected

when
sufficient

data
are

available,
particularly

in
the

case
ofrivers

w
ith

no
sandy

bed
m

aterials,
because

equations
(l5a),

(24)
and

(28)
were

only
validated

for
a

particle
size

range
of

()00014
5

D84
5

()_()()59
m_

Forlargerparticle
diam

eters
the

values
obtained

w
ith

the
m

ethod
of

Lischtvan
and

Levediev
were

assum
ed

to
hold

valid.
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M

arco
Falcon

1and
M

auro
Nalesso

2

A
B

S
T

R
A

C
T

In
this

paper
the

fonnation
ofaltem

ate
bars,

centralbars,
or

m
ultiple

transverse
bars,forflow

in
a

straightriverreach
ofconstantw

idth,is
studied

as
an

instability
problem

ofthe
m

obile
bed.

Once
a

specific,doubly
periodic

perturbation
ofthe

m
ean

bed
levelis

selected,and
the

govem
ing

principles,laws,and
em

piricalfriction
and

sedim
enttransport

relations
are

im
posed,expressions

are
obtained

forthe
bed

wave
celerity,rate

ofgrow
th

of
the

bed
am

plitude,and
additionally,itis

possible
to

estim
ate

the
longitudinalwavelength

to
w

hich
the

m
axim

um
rate

ofgrow
th

corresponds,and
also

to
determ

ine
the

dom
inanttype

ofbars:altem
ate,centralorm

ultiple.
Instead

of
w

orking
w

ith
a

totally
vertically-integrated

version
of

the
governing

equations,care
has

been
taken

to
solve

for
a

three-dim
ensionalsolution

ofthe
transverse

velocity
com

ponent,thus
avoiding

the
error

ofhaving
to

relate
the

transverse
bed-shear

w
ith

the
m

ean
transverse

velocity
com

ponent.
Assum

ing
thatthe

linearized
perturbation

solutions
are

acceptable,up
to

values
of

the
ratio

ofbed
am

plitude
to

depth
equalto

one
tenth,itis

found
thatsignificantdeviation

angles
ofthe

localvelocity
vector(angles

ofattack)from
the

longitudinaldirection
exist,at

certain
specific

locations,depending
upon

the
type

ofbed
defonnations

present.Thus
itis

shown
thatbridge

piles
and

abutrnents
adequately

aligned
w

ith
straightparallelbanks,still

can
be

subjected
to

locally
approaching

flow
s

atsignificantangles
ofattack

ow
ing

to
the

developm
entofvarious

types
ofsedim

entbars.

IN
T

R
O

D
U

C
T

IO
N

Scour
ofrectangular-shaped

bridge
piles

is
significantly

sensitive
to

the
angle

of
attack

ofthe
approaching

flow
:apile

is
generally

setsuch
thatits

m
ajorlength

is
parallelto

the
approach-flow

velocity
vector

(in
a

straight,
constant-width

reach,
the

m
ajor

length
w

ould
be

parallelto
the

banks),
and

thus
the

m
agnitude

ofscour
w

ill
depend

upon
the

sm
aller

rectangular
length

(w
idth

ofthe
pile),

as
Laursen

and
Toch

(1956)
and

M
elville

(1999)have
reported

(see
figure

1).H
ow

everthese
authors

show
thatifforvarious

possible
reasons,the

angle
ofthe

approach-flow
w

ith
respectto

the
pile

m
ajoraxis

deviates
from

1
Professor,

Institute
ofFluid

M
echanics,

Faculty
ofEngineering,

CentralU
niversity

of
Venezuela,Caracas,Venezuela.
2

G
raduate

Student,
Institute

of
Fluid

M
echanics,

Faculty
of

Engineering,
Central

U
niversity

ofVenezuela,Caracas,Venezuela.186























The
presentm

odelcan
be

used
to

testw
hich

type
ofbars

w
illbe

dom
inantforgiven

flow
s

conditions.
As

the
w

idth/depth
ratio

increases
it

correctly
predicts

a
tendency

from
alternate

bars
towards

centraland
m

ultiple
bars.

The
results

indicate
thatifalternate

bars
are

present,angles
ofattack

atm
id

w
idth

(atthe
channelcenter)w

illbe
greatest;ifcentral

bars
are

dom
inant,then

the
largestangles

ofattack
w

ould
occuratB/4

from
the

banks.
In

som
e

torrentialflow
s

alternate
and

centralbars
occur

sim
ultaneously

(Furbish,
1998).Field

research
regarding

the
superposition

characteristic
should

be
considered.

In
conclusion,

straight-approach
flow

s
towards

bridge
structures

are
scarce

and
it

w
ould

appearto
be

w
orthw

hile
to

take
field

data
upstream

ofthe
bridge

site
in

order
to

check
naturaldeviation

angles
ofthe

velocity
vectorfordesign

purposes.
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In
total239

results
were

available
forpredicting

m
axim

run
scourdepth

and
175

forpredicting
the

location
ofthe

m
axim

um
scour

depth.
The

data
from

R
uffetal.

(1985)
did

not
include

inform
ation

on
the

location
ofthe

m
axim

um
scour

depth
and

this
inform

ation
was

also
not

available
for

8
results

from
Abida

and
Townsend

(1991)
and

1
resultfrom

Aderibigbe
and

Rajaratnam
(1998).

Table
2

below
shows

the
division

ofthe
data

into
training,testing

and
validating

sets.Table
2.D

ivision
ofdata

into
training,testing

and
validating

sets.
 

Training
data

Testing
data

Validating
data

Scourdepth
186

26
27

I
Location

ofscourdepth
130

18
27

 R
E

S
U

LT
O

F
TR

A
IN

IN
G

FO
R

SC
O

U
R

D
E

P
TH

From
the

trained
netw

ork
the

densim
etric

Froude
m

unber
is

considered
to

be
the

m
ost

significant
variable

for
predicting

scour
depth.

This
is

also
the

conclusion
of

several
experim

entalstudies
(Rajaratnarn

and
Beny,

1977,Blaisdelland
Anderson,1988,Lim

,
1995).

The
effectofrem

oving
densim

etric
Froude

num
ber

from
the

setofvariables
had

a
4

tim
es

largereffectthan
thatofrem

oving
the

nextm
ostsignificantvariable.O

utletshape
was

found
to

be
the

nextm
ostsignificantclosely

follow
ed

by
w

idth
ofthe

receiving
charm

eland
w

idth
ofthe

culvertoutlet.The
sedim

entsize,
sedim

entgradation
and

tailw
ater

depth
were

form
d

m
ake

only
a

slightdifference
to

the
overallprediction

ofscourdepth
when

they
were

rem
oved

from
the

inputvariables.

Studies
thathave

explored
outletshape

have
reported

thatshape
is

a
significantfactorand

that
the

scourdepth
can

vary
by

up
to

40%
depending

on
the

shape
ofthe

outlet(Abtetal.
1984).

The
effectoftailw

aterdepth
has

received
som

e
attention

experim
entally

howeverthe
effectof

tailw
aterdepth

is
stilla

pointofdebate.Forlow
tailw

aterdepths
itis

considered
thatthere

is
an

effecton
the

depth
ofscour.The

tailw
ater

depths
in

the
datasetcover

a
large

range
and

therefore
the

overallresultshows
the

tailw
aterdepth

to
be

insignificant.A
differentresultm

ay
be

obtained
ifthe

inputdata
was

restricted
to

a
sm

allerrange
oftailw

aterdepths.

V
A

LID
A

T
IO

N
O

F
A

N
N

Figure
2

below
shows

a
com

parison
ofthe

m
easured

scour
depth

and
thatpredicted

by
the

trained
netw

ork
using

previously
unseen

data
and

shows
good

agreem
ent.The

testdata
setin

this
case

includes
som

e
of

the
authors’

experim
ental

data
and

data
from

3
previously

published
studies

by
otherresearchers.

It
can

be
clearly

seen
thatthe

artificialneuralnetw
ork

is
successfully

predicting
the

scour
depth

to
w

ith
+/-

15%
in

m
ostcases.
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The
application

of
artificial

neural
networks

to
scouring

shows
the

potential
to

lead
to

a
flexible

toolforengineers
howeverthe

lack
ofexperim

entaldata
available

atthe
presenttim

e
lim

its
the

m
odel.A

rtificialneuralnetworks
have

the
advantage

ofbeing
applicable

to
a

w
ider

range
ofhydraulic

conditions
than

traditionalem
piricalm

odels
rem

oving
the

requirem
entof

the
designer

to
choose

the
appropriate

equation
for

the
anticipated

hydraulic
conditions.

Furtherw
ork

is
required

to
provide

a
com

plete
data

setto
train

the
netw

ork
and

validate
it

usefulness.
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A
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S
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A
C
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This
paper

deals
on

three
different

subjects,
as

exam
ples

ofthe
contribution

ofArgentine
research

on
local

scour:
local

scour
at

bridge
piers,

local
scour

downstream
ski

jum
p

structures
and

localscourdownstream
hydraulicjum

p
energy

dissipators.
Firtly,the

proposalofCotta
and

Jensen
to

avoid
the

localscouratbridge
piers,developed

at
the

sixties
in

La
Plata

N
ationalU

niversity.The
practicalresults

were
published

in
the

Latin
Am

erican
Congress

ofthe
IA

H
R

in
Spanish.

It
has

good
diffusion

in
South

Am
erica,

as
it

was
included

in
the

Bridge
Design

M
anualofVenezuela.

Secondly,
the

IN
C

Y
TH

equation
for

local
scour

downstream
flip

buckets,
intentionally

oversim
plified

in
order

to
be

of
use

as
an

initial
estim

ate
of

scour.
It

requires
only

the
knowledge

ofthe
unitdischarge

and
the

fallheightfrom
the

reservoirlevelto
tailw

aterlevel.
Itshould

be
noted

thatduring
the

design
stage

m
any

param
eters

are
usually

unknown,such
as

the
size

ofblocks
fonned

by
fracture

ofthe
rock

atdifferentdepths
nearthe

jetim
pact.For

prelim
inary

calculations,this
equation

dem
onstrates

acceptable
perform

ance
for

the
data

of
otherauthors,even

w
ith

data
published

laterthan
its

fonnulation.
Finally,the

phenom
enon

oflocalerosion
downstream

ofhydraulic
jtunp

energy
dissipators

in
large

flatland
dam

s,
when

rocks
subm

itted
to

severe
pressure

fluctuations
com

pose
the

riverbed,w
hich

is
w

elldifferentofthe
case

custom
arily

studied
in

alluvialbed
rivers.

This
problem

was
analyzed

by
m

eans
of

results
of

fluctuating
pressures

(statistic
values

of
am

plitudes
and

frequencies)
in

the
base

of
a

hydraulic
jum

p
stilling

basin,
downstream

a
continuous

end
sill,

taking
into

account
the

am
plification

ofthe
process

and
the

trend
to

induce
im

portantdepressions.Vlfhen
granularm

aterials
com

pose
the

bed,the
presence

ofthe
end

sill
collaborates

w
ith

a
controlled

scour
downstream

near
the

structure.
If

large
rocks

com
pose

the
bed,

prototype
experim

ental
data

dem
onstrates

that
the

end
sill

has
not

a
beneficialaction.Itincreases

flow
fluctuations

and
concentrates

the
turbulentenergy

arotm
d

a
dom

inantfrequency,rem
oving

bigger
blocks

and
favoring

localscour.A
m

ethodology
is

proposed
forthe

calculation
ofthe

w
eightofeventualprotecting

blocks
orthe

anchorage
bars

to
avoid

the
rem

oval,taking
into

accountthe
incidentFroude

N
um

ber
ofthe

jum
p

and
the

relationship
am

ong
broad

and
length

ofthe
block.

IN
T

R
O

D
U

C
T

IO
N

As
it

is
usualin

othercountries,
m

ore
than

50%
ofthe

bridge
failures

in
Argentina

were
caused

by
hydraulic

problem
s,m

ore
specifically

because
underestim

ated
scour.Itis

true

IScientific
M

anager,N
ationalInstitute

ofW
aterand

Environm
ent(IN

A
),C.C.46,(1082)Aeropuerto

Ezeiza,
Argentina
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thatm
ostofthem

had
notgood

hydrologic
estim

ation
offloods

butscourestim
ation

was
also

discussed.

The
change

ofstatisticalaspects
offloods

(the
annualvolum

e
ofla

Plata
R

iverbasin
increased

in
the

last
tw

enty
years)

requires
a

new
evaluation

ofbridge
design

and
scour

recalculation.W
hen

big
floods

are
presentin

the
downstream

region
ofthe

Parana
River,the

flood
valley

has
m

ore
than

forty
kilom

etres
w

ide
during

large
periods

(m
ore

than
one

m
onth).

In
this

conditions
the

scourin
bridges

cannotbe
calculated

by
usualhydraulics

conditions.
W

hen
scour

is
developing

the
section

is
increasing,

butthe
upstream

water
levelrem

ains
practically

constant.Forthis
type

ofprocesses,there
are

som
e

localexperiences.

In
1949

Dr.
Schoklitsch

was
appointed

"Extraordinary
Professor"

at
the

Hydraulics
Institute

ofthe
ExactSciences

and
Technology

Schoolatthe
U

niversity
ofTucum

an.In
1953

Dr.
Schoklitsch

began
his

academ
ic

and
scientific

activities
atthe

NationalU
niversity

ofCuyo,
in

San
Juan,atthe

footofthe
Andes

M
ountains.Itshould

be
pointed

outthatDr.
Schok1itsch's

research
dealtbasically

w
ith

the
m

ovem
entofwater-transported

solids.Based
on

his
works

to
verify

Stem
berg's

theories
and

revise
D

u
Boys's,he

form
ulated

new
equations

on
the

m
ovem

ent
ofuniform

grain-size
sands,specific

fiiction,
and

criticaldrag
force.

O
n

the
other

hand,
his

know
n

equation
to

allow
the

m
axim

um
depth

calculation
oflocal

scour
downstream

energy
dissipators

was
published

previously,when
the

authorwas
professorin

Europe.Nevertheless,
the

influence
of

Schoklitsch
equations

on
the

argentine
design

of
structures

under
scour

conditions
was

detected
in

awide
range

ofengineers.

Three
different

subjects
can

expose
the

contribution
ofArgentine

research
on

local
scour:localscouratbridge

piers,localscourdownstream
skijum

p
structures

and
localscour

downstream
hydraulicjum

p
energy

dissipators.

1-The
proposalofC

otta
and

Jensen
to

avoid
the

localscouratbridge
piers

The
protection

againstlocalscour
around

bridge
piers

in
alluvialrivers,

is
an

local
system

developed
by

Cotta
and

Jensen
(2),aftera

long
experim

entalresearch
from

laboratory
tests

atthe
"G

uillerm
o

Céspedes"H
ydraulic

Laboratory
ofthe

La
Plata

N
ationalU

niversity.

The
construction

system
consists

in
a

corbelslab
em

erging
from

the
pier

section
just

atthe
bed

level.The
slab

avoids
the

horseshoe
vortex

action
on

the
m

ovable
bed.

The
com

prehensive
design

ofthe
protection

structure
can

be
observed

in
the

Figure
1,
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As
it

is
observed

in
the

Figure
5,

the
H

\lC
YTH

equation
is

always
a

good
m

ean
solution

for
these

new
prototype

data
com

ing
for

authors.
Nevertheless,

due
to

the
safety

conditions
needed

by
engineering

design,itis
betterto

include
a

safety
coefficientto

cover
the

99%
of

existing
prototype

data.
It

is
dem

onstrated
that

this
coefficient

m
ust

be
approxim

ately
1.3.The

IN
C

Y
TH

equation
w

ith
this

safety
coefficientis

also
presented

in
the

Figure
5

asa
"suggested

design
curve".

3-Localscouron
rocky

beds
dow

nstream
stilling

basins

Energy
dissipators

oflarge
flatlands

dam
s

usually
consist

ofhydraulic
jum

p
stilling

basins.Intem
alflow

ofa
hydraulic

jum
p

is
essentially

m
acroturbulentshowing

severe
random

pressure
and

speed
fluctuations.

Incidentkinetic
energy

has
a

transform
ation

along
the

jum
p

converting
to

potential
energy.

It
also

generates
fluctuation

energy
w

hich
is

transported
by

differentscales
vortex.This

energy
is

gradually
dissipated

downstream
thejum

p.

R
apidly

variable
pressure

fields
in

space
and

tim
e

trends
to

enlarge
existing

bed
discontinuities

or
create

them
when

it
is

com
posed

by
erodable

rock.
Fluctuating

pressures
propagation

inside
the

rocky
structure

causes
itto

break
into

m
inorpieces.Altem

atives
forces

induced
by

pressure
fluctuations

pullsom
e

blocks
outofthe

bed.Drainage
established

am
ong

the
blocks

reduces
fluctuations

am
plitude.The

cavity
created

previously
enlarges

by
ascending

stream
s

generated
in

the
zone

when
thejethits

againstthe
bed.

W
ater

pressure
is

highly
variable

along
the

interface
rock-water

being
greater

than
average

in
certain

zones
and

lesserin
the

others.VI/hen
rocky

blocks
dim

ensions
increase,space-

tim
e

correlation
offluctuating

pressurestrends
to

reduce.A
strong

ascendantinstantaneous
force

w
illbe

generated
ifthere

is
an

im
portantsim

ultaneity
ofactions.Blocks

should
have

reduced
dim

ensions,turbulence
should

be
ofa

large
scale

orboth
causes

should
presenttogetherforthis

to
happen.There

are
clearevidence

thatm
acroturbulence

largely
exceeds

conventionalstilling
basins

length.He
presented

som
e

practicalexam
ples

where
turbulence

intensity
decay

begun
at

tw
ice

the
basin

length
(basinsdesigned

using
classicaljtunp

length)

M
acroturbulentnature

offlow
inside

a
hydraulic

jum
p

stilling
basin

is
responsible

for
the

existence
ofstrong

pressure
fluctuations.M

any
papers

has
been

w
ritten

giving
a

warnings
aboutits

highly
destructive

nature
(5).Presence

ofstructuraldiscontinuities
helps

to
severely

am
plify

pressure
fluctuations

am
plitude.

Also
spectrurns

show
a

tendency
of

energy
concentration

around
a

dom
inantfrequency.Forced

hydraulicjum
ps

can
be

produced
inserting

a
chute

elem
ent

in
the

laboratory
canal.

Consider
that

this
elem

ent
consist

of
a

despicable
thickness

situated
ata

distance
x0

from
jum

p
start,ofheighthb

and
Reynolds

num
beris

high
enough

to
adm

it
viscous

forces
influence

is
negligible.

The
expression

to
calculate

a
non

dim
ensional

coefficient
that

ground
upon

root
m

ean
square

fluctuating
pressure

am
plitudes

(\li>'2)iS=
,2

C7
11,0:/iii/2

(3)
C'i1>=C'p(X/hi.X0/hi.hb/111,F1)

(4)
where

Section
1

is
the

upstream
section

ofthe
jum

p
(where

itbegins)
and

p
=

fluid
specific

m
ass,h1

=
verticaldepth

atSection
1,V1

=
velocity

atSection
1,and

F1
=

Froude
Num

berat
Section

1.This
expression

hasbeen
obtained

through
dim

ensionalanalysis.
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where
"a"

and
"b"

are
the

dim
ensions

of
the

calculation
slab.

Those
experiences

where
developed

using
depths

atSection
1higherthan

3
cm

and
Reynolds

nm
nberover100,000.

O
nly

results
obtained

forF1
=

4
and

x/h1
=

26
w

illbe
used

forfurthercalculations
in

this
paper.

a/hl=
3

C'1==
0.021

a/hl=
4

C'F
=

0.026
(7)

3./1'11
=

5
C

'F
=

0
.0

l7

Estiinations
aboutthe

dim
ensions

ofbasaltic
rock

blocks
thatcould

be
rem

oved
by

the
flow

downstream
Salto

Grande
dam

's
stilling

basin
have

been
m

ade.
This

dam
is

located
on

Uruguay
river(between

Argentina
and

Uruguay).A
n

exigentcondition
thatreally

occurred
was

taken
abase

ofcom
parison:q

=
70.87

m2/s,F1
=

4.17,
l=

64
m

(basin's
length),h1

=
3.09

m
,L,=

82
m

(jum
p's

length),U1
=

22.96
m

/s,x/h1
=

26.5
(non

dim
ensionalposition).

Results
obtained

are
enough

to
calculate

C'p
coefficientthrough

rootm
ean

square
force

F(m,,).C'1=is
nota

good
indicatorofextrem

e
instantaneous

forces
values.Using

data
registered

forFroude
num

berequalto
4

w
ith

fix
barrierexperim

ents,a
relationship

between
upliftextrem

e
0.1%

and
m

ean
values

has
been

found.Extrem
e

values
are

3.07
to

3.20
tim

es
higherthan

root
m

ean
square

values.The
idea

ofallthis
calculations

is
to

obtain
an

estim
ation

ofm
inim

um
rock

blocks
thickness

to
assure

stability
its

own
weight.Forthis

w
orking

conditions
flow

can
lifteven

a
block

of1.70
m

ofthickness
and

lineardim
ensions

ofseveralm
eters.This

num
beris

in
good

concordance
w

ith
visualm

easuresrealised
during

arestoration
ofthe

stilling
basin.

Localised
erosion

ofim
portance

should
notbe

adm
itted

downstream
a

spillw
ay

w
ith

a
hydraulic

jum
p

stilling
basin

w
hich

dim
ensions

have
been

designed
using

classical
criteria.

Though,this
is

neveraccom
plished.

In
general,

erosion
downstream

a
stilling

basin
w

hich
length

is
equalto

the
theoreticaljuinp's

length
is

neverzero.The
problem

is
thatjum

p's
lengths

given
by

m
acroscopically

conditions
being

the
lastsection

the
one

where
the

downstream
depth

corresponding
to

fiee
jum

p
is

reached
and

average
speed

is
easily

detem
iined

using
continuity

and
m

om
entum

equations.

Velocity
profile

is
usually

assum
ed

asunifonn
in

thatsection
(aschannelturbulentflow

profile).In
factthis

is
nottrue

being
itm

ore
and

m
ore

differentw
hile

Froude
N

um
beratSection

1
decreases.This

disturbance
im

plies
very

low
surface

speeds
and

high
speeds

nearthe
bottom

,
w

ith
an

erosive
capacity

highly
superior

to
the

one
calculated

using
average

speed.
It

has
happened

thatsom
e

kind
ofbasaltclassified

as
non

erodable
have

been
found

in
places

where
large

flatlands
dam

s
have

been
built.Using

standard
criteria

stilling
basins

have
been

designed
w

ith
a

length
of60%

ofthe
theoretical.End

sills
ofthose

basins
generates

conditions
offorced

hydraulicjum
p

ifthey
are

ofenough
height,favouring

m
acroturbulence

and
localerosion

ofthe
river

bed.
A

warning
against

considering
that

a
rocky

bed
subm

itted
to

severe
pressure

fluctuations
behave

as
an

alluvial
bed

is
given.

Equilibrium
is

dynam
ical

in
this

last
case,

reaching
a

fm
al

condition
after

scouring.
O

n
the

contrary,
when

the
bed

is
com

posed
of

m
eteorized

rock
ofseveraldim

ensions
blocks,the

rem
otion

ofone
ofthis

blocks
is

irreversible.
Erosion

process
on

rocky
beds

is
then

com
pletely

different
than

the
analysed

for
granular

m
aterialin

laboratory.
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The
presence

of
an

end
sill

is
beneficial

when
river

bed
is

alluvial,
separating

that
controlled

butinevitable
erosion

fi"om
the

structure.Vlfhen
riverbed

is
com

posed
by

rock
end

sills
does

nothelp
butfavourerosion

generating
an

increase
ofspeed

fluctuations,concentrating
energy

around
adom

inantfiequency
thattrendsto

rem
ove

large
blocks.
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A
C

T

Bridge
scourproblem

s
have

recently
becom

e
im

portantissues
for

civilengineers
in

Korea.The
reasons

are:first,the
catastrophic

collapse
ofthe

Sung-su
G

rand
bridge

has
led

to
a

reconsideration
ofsafety

m
easures

and
inspection

m
ethods

for
allbridges,

including
Im

derwater
structural

integrity
inspections

and
sedim

ent
scour

m
easurem

ents.
Second,

relatively
older

sm
all

and
m

edium
sized

bridges
were

designed
and

built
w

ithout
considerations

of
scour

effects.
A

recent
evaluation

of
100

bridges
in

Korea
for

scour
sensitivity

showed
thatabout85%

are
scourcriticaland

thus,they
w

ould
failifsubjected

to
the

design
flood.In

these
respects,this

paperpresents
the

briefsum
m

ary
ofscourpractices,

the
techniques

ofscourm
onitoring

system
s

and
scourprotection

techniques
available

for
bridge

foundations
in

Korea.

IN
T

R
O

D
U

C
T

IO
N

In
South

Korea,m
any

bridge
constructions

are
in

progress
in

riverand
costalareas.

Bridge
scour

problem
s

have
recently

becom
e

im
portant

issues
w

ithin
the

Korean
geotechnicaland

water
resources

engineering
com

m
iuiity.

The
reasons

are
num

erous
but

the
m

ostim
portantfactors

can
be

stunm
arized

as
follow

s.First,the
catastrophic

collapse
of

the
Sung-Su

G
rand

Bridge
crossing

the
Han

river
has

led
to

a
reconsideration

ofsafety
m

easures
and

inspection
m

ethods
forallbridges.These

safety
concem

s
have

pushed
local

govem
m

ents
to

include
underwater

structural
integrity

inspections
and

sedim
ent

scour
m

easurem
ents.Second,relatively

oldersm
alland

m
edium

sized
bridges

were
designed

and
builtw

ithoutconsidering
scoureffects,and

m
easurem

ents
show

thatthese
bridges

do
suffer

from
severe

scourproblem
s.

In
addition

to
bridge

transversing
rivers,active

developm
entofthe

coastalareas
has

broughtincreased
pressure

to
build

coastalbridges
such

as
the

Seohae,the
Youngjong

and
the

Kwangan
G

rand
Bridges.

Interestingly
am

ong
them

,
the

site
ofthe

Seohae
G

rand
Bridge

was
nota

favorable
site

on
w

hich
to

build
a

bridge
due

to
the

relatively
large

tidal
m

otion.
It

is
true

that
m

uch
w

ork
has

been
done

in
the

field
of

river
bridge

scoiuing
(Breusers

and
R

audkivi,
1991)and

there
seem

s
too

m
any

em
piricalform

ulas
to

apply.Itis

1Professor,Dept.ofC
ivilEngineering,Hanyang

U
niversity,Seoul,Korea.

2Professor,Dept.ofC
iviland

Envirom
nentalEngineering,Chung

Ang
U

niversity,Seoul,
Korea.

3Associate
Professor,Dept.ofC

ivilEngineering,U
niversity

ofInchon,Inchon,Korea.
4Associate

Professor,Dept.ofC
ivilEngineering,YonseiU

niversity,Seoul,Korea.
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Table
3.N

um
berofDam

aged
Bridges

due
to

scouring

T
E

E
E

E
M

M
E

8223;;
M

E
N

In
Korea,

Before
1990

just
a

few
researches

related
to

the
scour

were
conducted

based
on

experim
ents.Lee(1984)conducted

the
research

on
the

localscouratbridge
piers

and
concluded

the
pierReynolds

num
berand

turbulentstrength
are

the
m

ain
param

eters
for

forecasting
the

m
axim

um
scour

depth.
Kim

(1985a)
conducted

the
experim

ents
aboutthe

m
axim

um
scour

depth
including

the
vortex

m
echanism

at
circular

pier.
Kim

(1985b)
com

pared
the

m
axim

um
scourdepths

calculated
using

the
existing

scourequations
w

ith
his

experim
ent

data
w

hich
were

obtained
from

the
m

odel
tests

using
the

diatom
ite

as
the

channelbed
m

aterial.Since
1990,m

uch
w

ork
has

been
done

in
m

any
fields:the

estim
ation

of
scour

depth
utilizing

num
ericalm

odels,
the

detailed
characteristics

of
local

scotu"
at

bridge
piers

in
cohesive

soil(C
hoi,

1998),
sack

gabion
as

scour
counterm

easures
(Yoon,

1998),and
autom

atic
real-tim

e
scourm

easurem
ents

(Lee
and

Yeo,1998).

SC
O

U
R

M
O

N
ITO

R
IN

G
SYSTEM

S

There
are

som
e

m
onitoring

devices
available

for
bridge

scour
m

easurem
ents

in
Korea.They

are
G

PR(G
round

Penetrating
Radar),M

agnetic
Collar,Fathom

eterand
buried

rod.Here,an
autom

atic
realtim

e
bridge

ScourM
onitoring

System
(SM

S),designed
by

Lee
and

Yeo
(1998)

and
then

used
to

detectthe
scouring

process
ofSeohae

G
rand

Bridge,
is

introduced.
Seohae

G
rand

Bridge
is

a
coastalhighw

ay
bridge

crossing
Asan

Bay
Channel.Fig.

1
shows

the
bridge

location
m

ap
enclosed

by
Korean

peninsula.The
construction

started
in

1994
and

w
illbe

com
pleted

in
2001.The

m
ostsignificantproblem

from
the

perspectives
of

costal
engineers

ofthe
construction

site
is

the
w

orld’s
fam

ous
and

largest
tidal

m
otion

m
easuring

up
to

a
tidalleveldifference

of9.3m
bringing

tidalcurrentspeed
up

to
0.8m

/s.
Also,concurrentdevelopm

entplans
in

thatarea
resulted

in
the

currentspeed
adding

up
to

2.65m
/s.Field

bridge
engineers

reported
excessive

bridge
scourdepth

m
ore

than
8m

from
the

design
bed

level.
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The
stability

ofriprap
stones

around
piers

is
sensitive

to
changes

in
elevation

ofthe
top

ofthe
foundation.W

hen
the

top
elevation

is
the

sam
e

asthe
stream

bed
orslightly

above
strearnbed,itacts

as
a

scourprotective
layerby

intercepting
the

dow
nflow

and
protecting

the
stream

bed.
It

im
plied

that
for

the
identical

conditions
sm

aller
stones

can
be

used
to

attain
the

sam
e

levelofprotection
ifthere

is
a

footing
whose

top
elevation

is
atstream

bed
orslightly

above
it.Ifthe

heightoffooting
rises

ftnther,criticalvelocity
decreases

resulting
in

reduced
protection.

There
are

som
e

otherm
ethods

used
to

protectbridge-pier
scourin

Korea;M
attress

protection
and

deflectors.
M

attress
protection

has
been

proposed
as

a
new

conceptusing
artificialprotection

for
localprotection

around
a

big,
circular

pier
in

a
bed

offm
e

sand.
This

protection
consists

of
ntunerous

bundles
of

polyester
filam

ents
w

hich
can

be
suspended

under
a

fram
e

cantilevered
from

the
pier.

The
first

prototype
test

showed
prom

ising
results

(Carstens
1976).In

general,specialattention
has

to
be

given
to

providing
a

tightcom
iection

between
the

m
attress

and
the

pier,because
even

though
a

sm
allgap,the

dow
nflow

can
induce

severe
erosion

thatextends
under

the
m

attress.
D

eflector
has

been
used

for
reducing

the
intensity

ofthe
dow

nflow
near

the
pier

(Carstens
1976;

Dargahi
1987).

But,
this

m
ethod

has
not

been
used

w
idely

and
frequently,

because
there

are
no

design
rules

are
available

forthe
determ

ination
ofthe

w
idth

and
the

heightofthe
deflector,

w
hich

is
fixed

to
the

pier,and
itdid

notnoticeably
reduce

the
erosion

depth.

C
O

N
C

LU
S

IO
N

S

The
m

ain
objective

ofthis
study

was
to

gatherthe
generalinform

ation
on

the
scour

problem
,

scourpractice,
and

scour
solutions

in
Korea.

Before
1990,m

ostofthe
research

done
on

bridge
scour

was
based

on
experim

ents.
The

testresults
from

such
experim

ents
were

notapplicable
to

m
ultiple

situations
because

m
ostofthe

experim
ents

were
carried

out
atlocalized

conditions.
Thus

hydraulic
and/orbridge

design
engineers

are
often

ata
loss

overw
hich

m
ethod

orequation
is

applicable
forthe

specific
bridge

sites.

Since
1990,m

uch
w

ork
has

been
done

in
m

any
fields

in
Korea:

the
estim

ation
of

scourdepth
utilizing

num
ericalm

odels,the
detailed

characteristics
oflocalscouratbridge

piers
in

cohesive
soil,sack

gabion
as

scourcounterm
easures,and

scourm
onitoring

system
s

in
coastalzones.Lately

there
have

also
been

advanced
research

focusing
on

the
evaluation

ofsafety
ofhydraulic

facilities
and

research
concerning

w
ith

envirom
nentalm

atters.
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In
Septem

ber
1988

The
U.S.FederalH

ighw
ay

Adm
inistration

(FH
W

A)
issued

Technical
Advisory

T514023
entitled

"ScouratBridges"to
State

H
ighw

ay
Departm

ents
orDepartm

ents
of

Transportation
w

hich
recom

m
ended

thateach
State

evaluate
every

bridge
overa

stream
as

to
its

vulnerability
to

scourofits
foundations.

Accom
panying

the
advisory

was
a

docum
ententitled

"Interim
ProceduresforEvaluating

ScouratBridges."
This

wasthefirstU.S.publication
which

gave
specific

recom
m

endations
and

equations
for

evaluating
scour.

Subsequently,
FI—

IW
A

issued
H

ydraulic
Engineering

Circulars
(I-IEC’s)18,20,and

23
w

hich
gave

state-of-practice
forevaluating

bridge
scourforbridgesoverriverine

andtidalwaterways,stream
stability

athighway
structures

and
bridge

scour
and

stream
instability

counterm
easures.

This
paper

presents
the

FH
W

A’s
recom

m
endations

forbridge
scourand

stream
instability

evaluation.

IN
TR

O
D

U
C

TIO
N

In
Septem

ber
1988,the

U.S.FederalH
ighw

ay
Adm

inistration
(FH

W
A)

issued
Technical

Advisory
T514023

entitled
"ScouratBridges"

to
State

H
ighw

ay
Departm

ents
orDepartm

ents
of

Transportation
w

hich
recom

m
ended

thateach
State

evaluate
every

bridge
overa

stream
as

to
its

vulnerability
to

scourofits
foundations.

The
Advisory

stated:"M
ostwaterways

can
be

expected
to

experience
scour

over
a

bridge's
service

life
(w

hich
is

now
approaching

100
years).

Exceptions
m

ightinclude
waterways

in
m

assive,com
petentrock

form
ations

where
scourand

erosion
occuron

a
scale

thatis
m

easured
in

centuries.....
The

added
costofm

aking
a

bridge
less

vulnerable
to

scour
is

sm
allwhen

com
pared

to
the

totalcostofa
failure

w
hich

can
easily

be
tw

o
orthree

tim
es

the
originalcostofthe

bridge
itself.

M
oreover,the

need
to

ensure
public

safety
and

to
m

inim
ize

the
adverse

effects
stem

m
ing

from
bridge

closures
requires

our
best

effort
to

im
prove

the
state-of-

practice
ofdesigning

and
m

aintaining
bridge

foundations
to

resistthe
effects

ofscour."

Accom
panying

the
advisory

was
a

docum
ententitled

"Interim
Procedures

forEvaluating
ScouratBridges".

This
was

the
firstU.S.publication

w
hich

gave
specific

recom
m

endations
and

equations
forevaluating

scour.
Subsequently,in

1991,this
docum

entwas
revised

and
issued

as
H

ydraulic
E

ngineering
C

ircular
18

(H
E

C
-18)entitled

"E
valuating

ScouratB
ridges."

A
lso,in

1991
a

com
panion

docum
ent

(H
EC

-20)
entitled

"Stream
Stability

atH
ighw

ay
Structures

was
issued."

‘SeniorAssociate,Ayres
Associates

and
Em

eritus
ProfessorofC

ivilEngineering,Colorado
State

U
niversity,FortC

ollins,CO
2AssistantProfessor,D

epartm
entofC

ivilEngineering,U
niversity

ofM
issouri,Kansas

C
ity,M

O
3SeniorV

ice
President,Ayres

Associates,P.O
.B

ox
270460,FortC

ollins,
C

O
80527
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Floods
tend

to
scourthe

m
aterialatabridge

crossing
during

the
rising

lim
b

ofthe
flood

and
refillthese

scourholes
during

the
recession

lim
b.

O
ften,the

redeposited
m

aterialin
the

scourhole
is

m
ore

easily
eroded

by
subsequentfloods.

Post-flood
inspection

ofthe
bridge

crossing
m

ay
indicate

the
m

aterialaround
the

foundations
are

adequate,when
in

fact,the
bridge

is
in

jeopardy
of

failing
during

the
nextflood.

This
infilling

also,m
akes

itdifficultto
obtain

field
m

easurem
entof

scourdepths
because

the
m

easurem
ents

have
to

be
m

ade
during

aflood.

I
MAXIMUM

cram
-w

rrsa
scoua

5
EQUILIBRIUM

scour:
oeern

i 7 Vs

SCOURDEPTH,

LIV
E

-B
E

D
SC

O
U

R

17
C

LE
A

R
-W

A
T

E
R

SC
O

U
R

PER

T
IM

E

Figure
1.

PierScourD
epth

in
a

Sand-Bed
Stream

as
aFunction

ofTim
e

(notto
scale)(Richardson

and
Davis,

1995).

The
m

agnitude
ofthe

scourdepth
depends

on
the

flow
variables

ofthe
stream

(discharge,
flow

velocity
and

depth,angle
ofthe

flow
to

the
bridge,etc.),bed

and
bank

m
aterialcharacteristics

(bed
rock,

alluvialor
non-alluvial,

cohesive
ornon-cohesive,

size
distribution,

etc.)
and

bridge
characteristics

(size
and

shape
ofthe

pierand
abutm

ents,w
idth

ofopening,
elevation

ofthe
deck,

etc).
'

Design
D

ischarge

The
m

agnitude
ofthe

flow
variable

depends
on

the
selection

ofa
design

discharge.
The

selected
design

discharge
fora

bridge
is

based
on

the
design

life
ofthe

bridge,bridge
im

portance,
consequence

offailure,etc.
The

design
discharge

fora
divided

highw
ay

w
ith

large
average

daily
traffic

(A
D

T)
(interstate

highw
ay,autobahns,etc.)

w
ould

be
largerthan

for
a

farm
to

m
arketor

logging
road.

Som
e

engineers
advocate

am
axim

um
possible

flood
forim

portantbridges
(Laursen,

1998)
others

recom
m

end
risk

analysis.
Im

portantbridges
are

those
w

ith
large

AD
T,

Interstate
highways,schoolbus

and
am

bulance
routs,and

etc.

The
FederalH

ighw
ay

Adm
inistration

(FH
W

A
)

in
H

EC
-18

(Richardson
and

D
avis,

1995)
recom

m
endsthatbridges

should
be

designedto
resistthe

flood
event(s)thatare

expected
to

produce
the

m
ostsevere

scourconditions.
HIEC-18

recom
m

ends
the

100-yearflood
orthe

overtopping
flood
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C
O

N
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A
C

TIO
N

SC
O

U
R

E
Q

U
A

TIO
N

S

Contraction
scourequations

arebased
on

the
principle

ofconservation
ofsedim

enttransport.
In

the
case

oflive-bed
scour,this

sim
ply

m
eans

thatthe
fully

developed
scourin

the
bridge

cross-
section

reaches
equilibrium

when
sedim

enttransported
into

the
contracted

section
equals

sedim
ent

transported
outand

the
conditions

forsedim
entcontinuity

are
in

balance.
Forclear-w

aterscour,the
transportinto

the
contracted

section
is

essentially
zero

and
m

axim
um

scouroccurs
when

the
shear

stress
reduces

to
the

criticalshearstress
ofthe

bed
m

aterial.

To
determ

ine
ifthe

contraction
scouratabridge

is
clear-w

aterorlive-bed
detennine

ifthe
criticalvelocity

(V0)orcriticalshearstress
(re)ofthe

m
edian

diam
eter(D50)ofthe

bed
m

aterialin
the

channelupstream
from

the
bridge

opening
is

largerthan
the

average
velocity

or
shearstress

(clear-waterscour)orsm
aller(live-bed

scour).
O

rcalculate
the

contraction
scourdepths

using
both

equations
and

take
the

sm
allerscourdepth

(R
ichardson

and
D

avis,1995).

Live-Bed
C

ontraction
ScourE

quation

Richardson
andDavis

(1995)in
H

EC
-18

recom
m

end
am

odified
Laursen

(1960)
equation

forlive-
bed

contraction
scour.

Itis
based

on
a

sim
plified

transportfunction
(Laursen,

1956)
to

obtain
equilibrium

sedim
enttransportin

along
contraction.

In
shortcontractions

such
asatabridge

itover
estim

ates
the

scourdepth
(Richardson

and
Davis,

1995).
The

equation
is:

9
K1

&
I

0,
yr

Q
1

VV2

ys
=

y0
-y0

=
(Average

scourdepth,m
)

where:y,
=

average
depth

in
the

upstream
m

ain
channel,m

yz
=

average
depth

in
the

contracted
section,m

y0
=

average
depth

in
the

contracted
section

before
contraction

scour,m
W

,
=

bottom
w

idth
ofthe

upstream
m

ain
channel,m

W
0

=
bottom

w
idth

ofm
ain

channelin
the

contracted
section,m

Q
,

=
flow

in
the

upstream
channeltransporting

sedim
ent,m

3/s,cm
s

Q0
=

flow
in

the
contracted

channel,cm
s.

O
ften

this
isequalto

the
totaldischarge

unless
the

totalflood
flow

is
reduced

by
reliefbridges

orw
aterovertopping

the
approach

roadway
kl

:
exponentsdeterm

ined
below

depending
on

them
ode

ofbedm
aterialtransport

V
.

=
(8Y1$1)”shearvelocity

in
the

upstream
section,m

/s
w

=
m

edian
fallvelocity

ofthe
bed

m
aterialbased

on
the

D50
(see

Figure
2)

g
=

acceleration
ofgravity

(9.81
m

/s2)
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=
the

unitw
eightofwater(9,800

N/m
3)

=
M

anning
roughness

coefficient
=

Shield’s
coefficient

=
specific

gravity
(2.65

forquartz)
=

density
ofw

ater(999
kg/m

3)
pg

=
density

ofsedim
ent(quartz

2,647
Kg/m

3)
g

=
acceleration

ofgravity
(9.81

m
/s2)

-om:/up-4:1-<

Equation
7

is
the

basic
equation

forthe
clear-waterscoured

depth
(y)in

along
contraction.

Shield’s
coefficient

for
initiate

ofm
otion

ranges
from

0.03
to

0.1
(Vanoni,

1975).
Strickler’s

equation
for

n
given

by
Laursen,

in
m

etric
units,

is
n

=
0.041

D
”°.

Research
discussed

in
Richardson

etal.(1990)recom
m

ends
the

use
ofthe

effective
m

ean
bed

m
aterialsize

(Dm)in
place

ofthe
D50

size.
The

use
of

Dm
w

ould
also

be
in

accordance
w

ith
the

w
ork

ofFroehlich
(1995).

Dm
is

approxim
ately

1.25
D50_

U
sing

KS
of0.039,

n
=

0.041
Dm

1'6and
SS=

2.65
in

Equation
7

results
in:

2
y

=
[
 
]
3

”
(3)

D
m

2
/3

W
2

yS=
y

—
yo

(Average
scourdepth)

(9)

where:Dm
=

diam
eterofthe

bed
m

aterial(1.25
D50)in

the
contracted

section,m
ys

=
depth

ofscourin
the

contracted
section,m

yo
=

originaldepth
in

the
contracted

section
before

scour,m
O

thervariables
as

previously
defined.

Clear-watercontraction
scourequations

assum
e

hom
ogeneous

bed
m

aterials.
However,

in
stratified

m
aterials,the

clear-watercontraction
scourequation

could
be

used
sequentially.

Both
the

live-bed
and

clear-w
atercontraction

scourequations
are

the
bestthatareavailable

and
should

be
regarded

as
a

firstlevelofanalysis.
If

a
m

ore
detailed

analysis
is

warranted,
a

sedim
enttransportm

odelsuch
as

BR
I-STAR

S
(M

olinas,
1993)orHEC-6

(U.S.Arm
y

Corps
of

Engineers,1993)could
be

used.

C
R

IT
IC

A
L

V
E

LO
C

IT
Y

F
O

R
M

O
V

E
IV

IE
N

T
O

F
B

E
D

M
A

T
E

R
IA

L

The
velocity

and
depth

given
in

Equations
6

are
associated

w
ith

initiation
ofm

otion
ofthe

indicated
size

(D
).

Rearranging
Equation

6
to

give
the

criticalvelocity
forbeginning

ofm
otion

of
bed

m
aterialofsize

D
resultin:.
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PATTERN:3x3x3x3x3

1.5
1

l
@

1
K0

1
..

2

s=>OU1
O

'5
'8R:

5..°1:11:13 EIEIEI3EJEJEI EIEIEIlIll.'_lEl
l

Angle
ofattack

Figure
8.

K0
as

afunction
ofangle

ofattack
(afterSalim

and
Jones,

1996).

Scourdepths
forcom

plex
pile

groups
(notuniform

ly
spaced

laterally
and

longitudinally
in

the
stream

flow
)can

notbe
determ

ined
by

these
m

ethods.
Scourforcom

plex
pile

groups
w

ould
require

aphysicalm
odelstudy.

Pile
Caps

Placed
atthe

W
aterSurface

orin
the

Flow

Forpile
caps

placed
atornearthe

watersurface
orin

the
flow

,H
EC

-18
(Richardson

and
D

avis,
1995)

recom
m

ended
thatthe

scour
analysis

include
com

putation
ofscourcaused

by
the

exposed
pile

group,com
putation

ofthe
pierscourcaused

by
the

pile
cap

and
pierscourcaused

by
the

pierifthe
pieris

partially
subm

erged
in

the
flow

.
A

conservative
estim

ate
oflocalscourw

illbe
the

largestpierscourcom
puted

from
these

three
scenarios

W
hen

com
puting

the
pierscourcaused

by
the

pile
cap,aconservative

estim
ate

isto
assum

e
thatthe

pile
cap

is
resting

on
the

bed
and

determ
ine

V4
and

yf
from

Equation
19.

U
se

Equation
12

for
pile

cap,
pier

shaft
and

exposed
pile

groups
as

recom
m

ended
in

the
previous

discussions.
Research

is
underway

to
develop

aless
conservative

and
m

ore
realistic

equation
(Salam

and
Jones,

1996
and

Jones,1998)

M
ultiple

C
olum

ns
Skewed

to
the

Flow

Scourdepth
form

ultiple
colum

ns
(asillustrated

asagroup
ofcylinders

in
Figure

6)skewed
to

the
flow

,
depends

on
the

spacing
between

the
colum

ns.
The

correction
factorforangle

ofattack
w

ould
be

sm
aller

than
for

a
solid

pier.
H

ow
m

uch
sm

aller
is

not
know

n.
R

audkivi
(1986)

in
discussing

effects
ofalignm

entstates
"..the

use
ofcylindricalcolum

ns
w

ould
produce

a
shallower
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scour;forexam
ple,w

ith
five-diam

eterspacing
between

colum
ns

the
localscourcan

be
lim

ited
to

about1.2
tim

es
the

localscouratasingle
cylinder."Thus

form
ultiple

colum
ns

spaced
5

diam
eters

orm
ore

apartand
atan

angle
Richardson

and
D

avis
(1995)recom

m
end

thatthe
localscourdepth

can
be

taken
as

1.2
tim

es
the

localscourdepth
ata

single
colum

n.

Form
ultiple

colum
ns

spaced
less

than
5

pierdiam
eters

apart,the
pierw

idth
’a’is

the
total

projected
w

idth
of

allthe
colum

ns
in

a
single

bent,
nonrial

to
the

flow
angle

ofattack.
This

com
posite

pierw
idth

w
ould

be
usedin

Equation
12to

determ
ine

depth
ofpierscour.

The
correction

factorK,w
ould

be
1.0

regardless
ofcolum

n
shape.

The
coefficientK2

w
ould

also
be

equalto
1.0

since
the

effectofskew
w

ould
beaccounted

forby
the

projected
areaofthe

piers
nonnalto

the
flow

(R
ichardson

and
D

avis,
1995).

The
depth

ofscourforam
ultiple

colum
n

bentw
illbe

analyzed
in

this
m

annerexceptwhen
addressing

the
effectofdebris

lodged
between

colum
ns.

Ifdebris
is

evaluated,itw
ould

be
logical

to
considerthe

m
ultiple

colum
ns

and
debris

as
a

solid
elongated

pier.

Pressure
Flow

Scour

Pressure
flow

,w
hich

is
also

denoted
as

orifice
flow

,occurs
when

the
watersurface

atthe
upstream

face
ofthe

bridge
is

greaterthan
orequalto

the
low

chord
ofthe

bridge
superstructure

and
the

wateris
in

significantcontactw
ith

the
bridge

deck.
A

thigherapproach
flow

depths,the
bridge

can
beentirely

subm
erged

w
ith

theresulting
flow

being
acom

plex
com

bination
oftheplunging

flow
underthe

bridge
(orifice

flow
)and

flow
overthe

bridge
(w

eirflow
).

In
m

any
cases,when

a
bridge

is
subm

erged,flow
w

illalso
overtop

adjacentapproach
em

bankrnents.
Hence,_foranyovertopping

situation,the
totalw

eirflow
can

be
subdivided

into
w

eirflow
overthe

bridge
and

w
eirflow

over
the

approach.

Abed
(Abed,

1991,
and

Abed
et

al.,
1991),

from
a

lim
ited

clear-water
flum

e
study

at
Colorado

State
U

niversity,stated
that

pressure
flow

could
increase

pierscourdepths
by

2.3
to

10
tim

es.
Theseresults

were
obtained

bycom
parison

ofscourdepths
forfree

surface
andpressure

flow
sim

ulations
w

ith
sim

ilarhydraulic
characteristics.

H
ow

ever,
som

etim
es

when
a

bridge
becom

es
subm

erged,the
average

velocity
underthe

bridge
is

reduced
due

to
a

com
bination

ofadditional
backwatercaused

by
the

bridge
superstructure

im
peding

the
flow

,and
a

reduction
ofthe

discharge
which

passes
underthe

bridge
due

to
w

eirflow
overthe

bridge
and

approach
em

bankm
ents.

As
a

consequence
scourdepths

are
reduced.

Jones
(Jones

etal.,
1993,

1996
and

Richardson
and

Lagasse,
1999,p.288)in

clear-water
pressure

flow
studies

atFI—
IW

A’sTum
er-Fairbank

Research
Center,found

that(1)localpierscour
w

ith
pressure

flow
has

two
com

ponents;(2)one
com

ponentis
verticalcontraction

scourcaused
by

the
bridge

superstructure
and

the
otheris

localpierscourcaused
bythe

pierobstructing
the

flow
;(3)

the
m

agnitude
ofthe

localpierscourw
ith

pressureflow
is

approxim
ately

the
sam

e
asforfree

surface
flow

;and
(4)thatthe

two
com

ponents
are

additive.
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Am
eson

(1997,Arneson
andAbt,1998),in

acom
prehensive

live-bed
flum

e
studyofpressure

flow
scoursponsored

by
the

FH
W

A
verified

Jones
findings.

Equation
12

is
used

to
determ

ine
the

localpierscourcom
ponentcausedbythe

pierobstructing
the

flow
.

Forthe
verticalcontraction

pier
scourcom

ponenthe
developed

the
follow

ing
equation.

E?’-=—
5.08

+
1.27[l’l)+

4.44[-Hi]+0.1962?-J
(22)

y
t

H
b

y1
v
c

w
here:ycps

=
depth

ofverticalcontraction
deck

scour,m
=

flow
depth

upstream
ofbridge

deck,m
=

distance
from

bridge
deck

to
channelbed,m

=
average

velocity
offlow

through
bridge

opening,m
/s

=
criticalvelocity

ofthe
bed

m
aterial,m

/s
o<o_<GE

.‘..<

ScourD
epths

W
ith

D
ebris

Debris
lodged

on
apierusually

increases
localscouratapier.

The
debris

m
ay

increase
pier

w
idth,localvelocity

and
deflectthe

flow
downward.

This
increases

the
transportofsedim

entout
ofthe

scour
hole.

W
hen

floating
debris

is
lodged

on
the

pier,the
scourdepth

is
estim

ated
by

assum
ing

thatthe
pierw

idth
is

largerthan
the

actualw
idth.

The
problem

is
in

determ
ining

the
increase

in
pierw

idth
to

use
in

the
pierscourequation.

Furtherm
ore,atlarge

depths,the
effectof

the
debris

on
the

scourdepths
should

dim
inish.

Also,debris
lodged

on
piers

and
abutm

ents
can

deflectthe
flow

againstanotherpierofabutm
entresulting

in
very

large
angles

ofattack,and
larger

velocities.
This

m
ay

be
worse

than
the

scouratthe
pierorabutm

entw
ith

the
debris.

As
w

ith
estim

ating
localscourdepthsw

ith
pressureflow

,onlylim
ited

research
hasbeendone

on
localscourw

ith
debris.

M
elville

andD
ongol(1992)have

conducted
alim

ited
quantitative

study
of

the
effect

ofdebris
on

localpier
scour

and
have

m
ade

som
e

recom
m

endations.
However,

additionallaboratory
studiesw

illbe
necessaryto

betterdefine
the

influence
ofdebris

on
localscour.

T
O

P
W

ID
T

H
O

F
P

IE
R

S
C

O
U

R
H

O
LE

S

The
topw

idth
ofascourhole

in
cohesionless

bed
m

aterialfrom
one

side
ofapierorfooting

can
beestim

ated
from

the
follow

ing
equation

(Richardson
and

Abed,1993),Richardson
andD

avis,
1995),and

Richardson
and

Lagasse,1999,p.311):

W
=

ys
(K

+
cot

9)
(22)
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Design
forScouratAbutm

ents

The
lackofadequateabutm

entscourequations(fundam
entallywrong

andoverconservative)
lead

theFederalH
ighw

ay
Adm

inistration
to

recom
m

end
thatfoundation

depths
forabutm

ents
be

set
atleast1.8

m
eters

below
the

stream
bed,including

long-term
degradation

and
contraction

scourand
protectthe

foundations
w

ith
rock

riprap
and/orguide

banks
(Richardson

and
D

avis,1995).
To

aid
in

design
ofthe

foundations
Froehlich’s’s

(1989)
live-bed

scourequation
for

I./y
<

25
and

a
m

odification
ofH

IR
E’s

(Richardson
etal.,

1990)equation
forL/y

>
25

were
given.

The
H

IR
E

equation
was

based
on

field
data

ofscouratthe
end

ofspurs
in

the
M

ississippiR
iver(obtained

by
the

US
Corps

ofEngineers.

Froehlich’s
A

butm
entScourE

quation
forL/y

<
25

L
/

0.43
§

=
2.27

K1
K5

Fr°'61
+

1
(24)

where:K1
=

C
oefficientforabutm

entshape
(see

table
4)

K2
=

C
oefficientforangle

ofem
bankm

entto
flow

K2
=

(0/90)(see
figure

9
fordefinition

of0)
0<90°ifem

bankm
entpoints

downstream
0>90°ifem

bankm
entpoints

upstream
L
’

=

AcFrV45
=

Q5
=

YaY5
=

Length
ofabutm

ent(em
bankm

ent)projected
norm

alto
flow

,m
Flow

area
ofthe

approach
cross

section
obstructed

by
the

em
bankm

ent,m2
Froude

N
um

berofapproach
flow

upstream
ofthe

abutm
ent,V4./(gy5)"*

Q4/A4,m
/s

Flow
obstructed

by
the

abutm
entand

approach
em

bankm
ent,m3/s

Average
depth

offlow
on

the
floodplain,m

Scourdepth,m

The
1

added
to

the
equation

caused
itto

envelope
98

percentofthe
data

in
the

developm
entofthe

equation
by

statisticalm
ethods.

H
EC

-18
E

quation
for

L/y
>

25

ii
=

4
p;°-33
i

y,
0.55

where:

Y5
=

Y1
=

(25)

Scourdepth,m
Depth

offlow
atthe

abutm
enton

the
overbank

orin
the

m
ain

channel,m
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Fr
=

Froude
Num

berbased
on

the
velocity

and
depth

adjacentto
and

upstream
of

the
abutm

ent
K4

:
Abutm

entshape
coefficient(from

table
4)

To
correctequation

25
forabutm

ents
skewed

to
the

stream
,use

Figure
9.

R
ecentAbutm

entScourD
epth

Equations

Recentabutm
entscourequations

have
appeared

in
the

literature
thatare

notbased
on

the
abutm

entlength
buton

the
flow

intercepted
bythe

abutm
entand

approach
em

bankm
ent.

These
are:

1.
Chang

and
Davis

equation
(Richardson

and
Lagasse,

1999,
p.

401)
w

hich
is

based
on

Laursen,live
bed

contraction
scourequation.

2.
Strum

(1999
)equation

forabutm
ents

in
com

pound
w

ith
variable

setbacks
from

the
m

ain
channel.

3.
Richardson

and
Trivino

(1999)equation
based

on
m

om
entum

exchange

4.
Kouchakzadeh

and
Townsend

(Richardson
and

Lagasse,
1999,p.417)equation

based
on

m
om

entum
exchange.

These
equations

have
notbeen

tested
in

the
field

so
the

1995
HEC-18

recom
m

endations
are

stillvalid
in

the
U.S.

C
O

N
IP

U
TE

R
M

O
D

E
LS

The
hydraulic

bridge
routinesofeitherthe

com
puterm

odelsW
SPRO

(Shearrnan,J.O.,1987)
orH

EC
-R

AS
(U.S.Corps

ofEngineers,1997,Richardson
andLagasse,1999,p.669)can

determ
ine

the
one-dim

ensions
flow

variable
foruse

in
the

determ
ination

ofscourdepths
ata

bridge.
These

m
odelsdeterm

ine
averageflow

depthsand
velocitiesovertheroadwayandbridge,asw

ellasaverage
velocities

and
depths

approaching
and

underthe
bridge.

S
T

R
E

A
M

IN
S

T
A

B
ILIT

Y

Stream
s

are
dynam

ic.
Areas

of
flow

concentration
continually

shift
bank

lines.
In

m
eandering

stream
s

having
an

"S-shaped"
planforrn,

the
channel

m
oves

both
laterally

and
downstream

.
A

braided
stream

hasnum
erouschannels

w
hich

arecontinually
changing.

In
abraided

stream
,the

deepestnaturalscouroccurs
when

tw
o

channels
com

e
togetherorwhen

the
flow

com
es

togetherdownstream
ofan

island
orbar.

This
scourdepth

has
been

observed
to

be
1to

2
tim

es
the

average
flow

depth
(NorthwestH

ydraulic
Consultants

Ltd.,1973)(Richardson
and

D
avis,1995).

A
bridge

is
static.

Itfixes
the

stream
atone

place
in

tim
e

and
space.

A
m

eandering
stream

w
hose

channel
m

oves
laterally

and
dow

nstream
into

the
bridge

reach
can

erode
the

approach
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waterways,the
equations

used
to

determ
ine

riverine
scourare

applicable
ifthe

hydraulic
forces

are
carefully

evaluated.

Bridge
scourin

the
coastalregion

results
from

the
unsteady

diurnaland
sem

i-diurnalflow
s

resulting
from

astronom
ical

tides,
large

flow
s

that
can

result
from

storm
surges

(hurricanes,
nor’easters,and

tsunam
is),and

the
com

bination
ofriverine

and
tidalflows.

Also,the
sm

allsize
of

the
bed

m
aterial(norm

ally
fine

sand)
as

w
ell

as
silts

and
clays

w
ith

cohesion
and

littoral
drift

(transportofbeach
sand

along
the

coastresulting
from

wave
action)affectthe

m
agnitude

ofbridge
scour.In

addition,tidalflow
are

subjected
to

m
ass

density
stratification

and
watersalinity

butthese
have

only
am

inoreffecton
bridge

scour.
The

hydraulic
variables

(discharge,velocity,and
depths)

and
bridge

scourin
the

coastalregion
can

be
determ

ined
w

ith
asm

uch
precision

asriverine
flow

s.
These

detenninations
are

conservative
and

research
is

needed
for

both
cases

to
im

prove
scour

determ
inations.

Determ
ining

the
m

agnitude
ofthe

com
bined

flow
s

can
be

accom
plished

by
sim

ply
adding

riverine
flood

flow
to

the
m

axim
um

tidalflow
orrouting

the
design

riverine
flow

s
to

the
crossing

and
adding

them
to

the
storm

surge
flow

s.

Som
e

ofthe
sim

ilarities
and

differences
between

tidaland
riverine

flow
s

are:

~
Tidalflow

s
are

unsteady
w

ith
shortduration

peak
flow

s.
R

iverine
flow

s
are

also
unsteady

and
m

any
have

shortduration
peakflow

s.
Existing

scourequations
predictscourdepths

for
these

shortduration
peakriverine

flow
s.

Also,waterways
in

the
coastalzone

are
com

posed
of

fine
sand

w
hich

erode
easily.

Therefore,riverine
scourequations

w
illpredictscour

depths
in

shortduration
tidalflow

s.

~
Astronom

icaltides,w
ith

theirdaily
ortw

ice
daily

in
and

outflow
s,can

and
do

cause
long-

term
degradation

ifthere
is

no
source

ofsedim
entexceptatthe

crossing.
This

has
resulted

in
long-term

degradation
ofseveralfeetperyearw

ith
no

indication
ofstopping

(Butlerand
Lillycrop,

1993)(V
incentetal.,

1993).
E

xisting
scourequations

can
predictthe

m
agnitude

ofthis
scour,butnotthe

tim
e

history
(Richardson

etal.,1993,Richardson
andDavis,1995).

~
M

ass
density

stratification
(saltw

aterw
edges),w

hich
can

resultw
hen

the
denserm

ore
saline

ocean
w

aterenters
an

estuary
ortidalinletw

ith
significantfreshw

aterinflow
,can

resultin
largervelocities

nearthe
bottom

than
the

average
velocity

in
the

vertical(Sheppard,1993).
H

ow
everw

ith
carefulevaluation,the

conectvelocity
can

be
detem

iined
foruse

in
the

scour
equations.

W
ith

storm
surges,

m
ass

density
stratification

w
illnotnorm

ally
occur.

The
density

difference
between

saltand
freshwater,exceptasitcauses

saltwaterwedges,is
not

significantenough
toaffectscourequations.D

ensityand
viscositydifferencesbetween

fresh
and

sedim
ent-laden

watercan
be

m
uch

largerin
riverine

flow
s

than
the

differences
between

saltand
freshwater.

Salinity
can

affectthe
transportofsilts

and
clays

by
causing

them
to

flocculate
and

possibly
deposit,w

hich
m

ay
affectstream

stability
and

m
ustbe

evaluated.
Salinity

m
ay

affectthe
erodibility

ofcohesive
sedim

ents,butthis
w

illonly
affectthe

rate
of

scour,notultim
ate

scour.
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M
anagem

entAgency,NationalO
ceanic

and
Atm

ospheric
Adm

inistration,U.S.G
eologicalSurvey,

U.S.CoastG
uard,U.S.Corps

ofEngineers,state
agencies,etc.are

used.

The
crossing

is
classified

asan
inlet,bay,estuary

orpassage
between

islands
orislands

and
the

m
ainland.

The
crossing

m
ay

be
tidally

affected
ortidally

controlled.
Tidally

affected
crossings

do
nothave

flow
reversal,butthe

tides
actas

a
downstream

control.
Tidally

controlled
crossings

have
flow

reversal.
The

lim
iting

case
foratidal-affected

crossing
is

when
the

m
agnitude

ofthe
tide

is
large

enough
to

reduce
the

discharge
through

the
bridge

to
zero.

The
objectives

ofthe
prelim

inary
analysis

are
to

determ
ine

the
m

agnitude
ofthe

tidaleffects
on

the
crossing,

the
overalllong-term

verticaland
lateralstability

ofthe
waterway

and
bridge

crossing,and
the

potentialforwaterway
and

crossing
to

change.

D
E

T
E

R
M

IN
A

T
IO

N
O

F
H

Y
D

R
A

U
LIC

V
A

R
IA

B
LE

S

The
generalprocedure

is
to

determ
ine

(1)design
flow

s
(100-and

500-yearstorm
tides

and
riverine

floods),(2)hydraulic
variables

ofdischarge,velocity,and
depths.

These
variables

arethen
used

to
determ

ine
the

scourcom
ponents

(depths
ofdegradation,contraction

scour,pierscour,and
abutm

entscour)using
theequations

andm
ethodsgiven

previously.,and
(3)evaluation

oftheresults.
HEC-18

gives
m

ethod
and

equations
fordeterm

ining
the

hydraulic
variables

forunconstricted
tidal

affected
waterway

and
constricted

waterways.
Also,describes

1-and
2-dim

ensional
com

puter
program

s
fordeterm

ining
storm

surge
hydrographs

and
resulting

hydraulic
variables.

These
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ensionalm

odels
are
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described
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Table
1-SoilC

onditions
atM

ajorBridges
C

rossing
R

ivers
in

Sudan.

B
ridge

R
R

iver
C

onstruct-
W

S
ion

D
ate

,
SoilD

escription
S

Foundation
P

erfor
m

ance
Blue

N
ile

Blue
I

1908
Bridge

\N
ile

;
G

rey
sand

ofvarying
degree

of
fineness

w
ith

clay
and

gravel.
Sandstone

below
a

depth
of

15m
.

Spread
footing

at
the

north
abutm

ent
bearing

at
a

depth
of

loft(3m
)

on
hard

clay.
12-inch

(0.3m
)

diam
eter

pine
piles

atthe
south

abutm
ent.

Piers
of

diam
eters

ofllft
(3.35m

)
and

l6ft
(4.88m

)bearing
on

sandstone
about

60ft
(l8.3rn)below

riverbed.

NoSCO
UT

O
ld

\Vhite
l928

White
:Nile

1
‘

Nile
A

Bridge
g

‘

3
to

Sm
of

Soft
clay

and
silt

underlain
by

grey
N

ubian
Sandstone

Caisson
of

diam
eters

l6ft(4.88m
)

socketted
an

average
of

5ft
(1

.524m
)

into
the

N
ubian

Sandstone

N
oScour

Sham
bat

AThe
.

1968
N

ile
Bridge

About
4m

ofsilty
clay

atbanks.
Sand

below
the

silty
clay

atthe
banks

and
from

riverbed
atthe

m
ain

stream
.

Sand
is

loose
to

m
edium

dense
and

about
4

to
l5m

in
thickness

.
Sandstone

w
ith

inclusions
of

m
udstone

_‘prevails
below

the
sand.

Caissons
socketted

into
the

sandstone.
B

N
0SCO

UT

EWhite
'Jan.2000

‘T
id

e
l

N
ew

W
hite

N
ile

Bridge
»

Soft
highly

plastic
siltabout5

to
7m

deep
underlain

by
a

2m
layer

of
m

edium
dense

clayey
sand

overlying
N

ubian
Form

ation.
The

N
ubian

Form
ation

consists
of

altem
ating

layers
of

weathered
sandstone

and
m

udstone
up

to
25m

.Sandstone
prevails

below
thatdepth.

Large
diam

eter
bored

piers
(dia.

1.2m
)

at
a

depth
ofl5m

.

Atbara
Bridge

Atbara
\Jan.2000

‘R
iver

About
7.5m

to
llm

ofm
edium

stiff
silty/clay

on
the

banks.
Loose

to
m

edium
dense

sand
below

the
silty

clay
atthe

banks
and

from
the

riverbed
at

the
m

ain
stream

.Basem
entcom

plex
ofchist

below
a

depth
o
fl_5_m.

D
rilled

piers
bearing

at
least

2m
into

the
fresh

bedrock.

Tuti
Bridge

N
ile

constructed
lBlue

To
be

M
edium

stiff,"m
edium

to
highly

plastic
silt

on
the

river
banks.

The
silt

is
com

pressible.Loose
to

m
edium

dense
fine-grained

silty
sand

underlies
the

silt
at

riverbanks
and

from
the

riverbed
at

the
m

ain
flow

section.
W

eathered
N

ubian
sandstone

below
a

depth
ofl2

to
lfim

.
_

D
rilled

piers
bearing

on
slightly

weathered
N

ubian
sandstone

below
a

depth
of

15
to

20m
below

the
riverbed.

Pier
diam

eterl
to

1.2m
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Table
2

SoilC
onditions

atH
ighw

ay
Bridges

C
rossing

SeasonalStream
s

in
Sudan.

B
ridge

or
S

tream
N

am
e

H
ighw

ay
iC

onstruc-
tion

D
ate

SoilD
escription

Foundation
1TXPB

_
P

erfor-
m

ance
G

adam
balha

M
edani-

G
adarif

1976
H

ighly
plastic

clay
to

a
depth

of7
to

Sm
.

The
top

2.5m
are

soft.The
clay

is
stiffto

very
stiff

below
that

depth.
W

eathered
bedrock

underlies
theclay.

i

1‘Box
culvert

lw
ith

2m
apron

under
the

riverbed.

Scour
faflure

hi
I998.

U
m

dllka
M

edani
Sennar

1979
H

ighly
plastic

clay
to

a
depth

of15
iBox

culvert
ybearing

on
the

shighly
plastic

Tclay

Scour
failure

3
tim

es

A
w

m
m

Khartoum
Shendi

1995
3m

ofloose
to

m
edium

sense
sand

overlies
very

dense
clayey

gravelly
sand.

l
Spread

footing
on

a
depth

of
2.5m

overa
lm

com
pacted

fill
‘player.

Scour
failure

in
1996.

Elkrbkan
Khartoum
Shendi

1995
About

2
to9m

of
dense

to
very

dense
clayey

sand
follow

ed
by

very
dense

silty
sand.

Spread
footings

o
n

very
dense

clayey
sandata

depthof4m
.

N
o

scour

Kaboushla
Shendi-
Atbara

1997
M

edium
dense

to
dense

clayey
sand,silty

sand
and

sandy
gravel

up
to

a
depth

of
2.5m

follow
ed

by
stiffhighly

plastic
clay.

M
udstone

below
a

depth
of7.5m

,Spread
footings

on
2m

of
com

pacted
fill

layer.
Bottom

of
foundation

at
4m

.

NoSCO
11I'.

Shendi
Atbara

1997
Very

stiff
to

hard
sandy

silty
clay

to
a

depth
of

17m
.

The
clay

contains
substantial

am
ounts

of
gravel

and
stone

fragm
ents

in
the

top
2to

3m
.The

clay
is

highly
plastic

below
a

depth
of3

to
4m

.
N

atural
m

oisture
content

of
the

highly
plastic

clay
is

less
than

plastic
lim

it.

3
Spread

footing
bearings

at4m
.

N
o

5
scour.

Zalingi-
Elgenina

1998
Loose

to
m

edium
fine-grained

silty
sand

underlain
by

a
layer

of
stiffclayey

sand
and

dense
sandy

clay
follow

ed
by

weathered
sand

stone
.

AD
riven

steel
H

-
;piles

(H
P14

and
EHP12)

about6
lto

20m
in

length
driven

to
refusal

pon
weathered

Lsandstone.

N
oscour.

H
aram

and
A

bu
Khedra

Rabak-
R

enk
To

be
I

constructe
J

d

Very
stiff

highly
plastic

clay
(aboutIto

3m
)

in
thickness

underlain
by

very
dense

clayey
sand

(m
ore

than
15m

deep).

*
Spread

footings
below

the
highly

plastic
1clay

(below
a

.4depth
of

;3m
).Scour

is
<2m

due
to

flat
.topography

and
ilow

flow
speed.

N
yala-El

Riheed
ElB

iridi

To
be

.
constructe

A
d

l

Loose
silty

sand
(thickness

about6
to

9m
)

w
ith

thin
inclusions

of
clay

and
silt.

M
edium

dense
clayey

sand
below

the
loose

silty
sand

up
to

a
depth

of12
to

15m
.

Very
dense

clayey
sand

prevails
below

that
depth

-.
_

_-
-

Pile
foundations

bearing
on

the
Avery

dense
3clayey

sand
below

a
depth

of
12

to
15m

.
Azoorn

Zalingi-
Elgenina

U
nder

‘
C

onstruc
Tion

Very
loose

to
loose

poorly
graded

fine
grained

sand
(variable

thickness
of2.5

to
l8.5m

)
follow

ed
by

m
edium

dense
poorly

graded
fine

grained
sand

grading
into

a
thin

layer
(2to4m

)
of

very
dense

clayey
sand

and
silty

sand.Bedrock
below

a
depth

of3.5-40.0m
.

Steel
H

pile
driven

to
the

bedrock.

_
I

_
4»
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YT
"1

.1
il

'1

Rem
edial

m
easures

consisted
of

replacem
ent

of
the

culvertby
a

5
span

deck
girder

concrete
bridge.

The
bridge

was
supported

on
driven

precastconcrete
piles

thatwere
driven

to
the

weathered
bedrock.

Suspended
pile

cap
was

constructed
about0.3m

above
the

stream
bed.The

option
ofpiles

and
suspended

caps
was

considered
because

of
the

expansive
nature

ofthe
highly

plastic
clay.

The
bridge

was
constructed

in
the

sum
m

erof1999
and

perform
ed

w
ellduring

the
fall1999.

U
M

D
ILK

A
B

R
ID

G
E

This
2-cell

box
culvert

was
constructed

in
1979

on
Sennar-M

edani
Road

(N
H

A,2000).
The

actualw
idth

ofthe
stream

is
26m

,however;the
w

idth
ofthe

culvert
was

only
3m

.The
culvertwashed

out3
tim

es
since

its
construction.

Post
failure

investigation
in

1999
revealed

thatthe
scourdepth

ranged
from

1
to

3m
.

The
geotechnical

investigation
after

failure
(BR

R
I2000)revealed

a
subsoil

condition
that

consists
ofhighly

plastic
clay

extending
to

adepth
of15m

.The
highly

plastic
clay

is
underlain

by
clayey

sand
extending

to
the

m
axim

um
depth

explored
(about20m

).
Based

on
geotechnical

and
hydraulic

investigations
itwas

decided
to

replace
the

culvert
w

ith
a

one
span

bridge.
The

proposed
new

bridge
w

illbe
supported

on
piles

bearing
below

a
depth

8m
.

The
bridge

w
illbe

constructed
this

sum
m

er.

S
U

M
M

A
R

Y
AN

D
C

O
N

C
LU

S
IO

N
S

5

A
review

ofthe
geotechnicalaspects

ofscouras
related

to
design

ofbridges
in

Sudan
is

presented.
Tw

o
distinguished

trends
offoundation

design
forbridges

are
identified:

-
One

design
practice

for
m

ajor
bridges

crossing
perm

anentrivers
and

another
for

highw
ay

bridges
crossing

seasonal
stream

s.
The

form
er

bridges
are

supported
on

piles
orpiers

bearing
on

bedrock
w

ellbelow
the

scourdepth.
Settlem

ent
and

bearing
capacity

considerations
ratherthan

scourdepth
controlthe

design
ofthese

bridges.
N

o
failure

cases
w

ere
recorded

forthese
bridges

although
som

e
ofthem

were
constructed

m
ore

than
80

years
ago.

H
ighw

ay
bridges

crossing
seasonalstream

s
are

susceptible
to

scourproblem
s

because
of

inadequate
hydraulic

data
and

incom
petent

geotechnicalpractice.Case
histories

have
shown

that
scour

caused
failure

of
bridges.

The
follow

ing
factors

contributed
to

scour-induced
failure

ofbridges
in

Sudan:
1)

C
onstruction

offoundations
w

ithin
the

scourzone.
2)

Placem
entofinadequate

com
pacted

fillbeneath
the

foundation.
3)

Lack
of

geotechnical
investigation

or
im

proper
im

plem
entation

of
recom

m
endations

given
by

the
geotechnicalconsultant.

4)
Excavation

for
foundation

and
placem

ent
and

com
paction

offilland
backfillis

notsupervised
by

a
geotechnicalengineer.

5)
Practicalm

ethods
are

notused
to

predictthe
scourdepth.

6)
H

ydraulic
and

hydrologic
data

is
not

sufficient
w

hich
results

in
inadequate

hydraulic
design.

7)
O

bstruction
of

bridge
openings

by
soilheaps,construction

debris
and

tree
branches.

8)
M

ost
of

the
seasonal

stream
s

in
Sudan

are
m

eandering
and

require
training.

9)
Stone

pitching
is

notused
to

protectthe
stream

bed
in

the
vicinity

ofthe
bridge

and
the

stream
banks.

271





S
E

TTIN
G

T
R

A
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S
U

S
P

E
N

S
IO

N
R

U
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S
O

N
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E
B

R
ID

G
E

S
P

R
O

N
E

TO
S

C
O

U
R

IN
C

O
N

S
ID

E
R

A
TIO

N
W

IT
H

R
IV

E
R

-
B

E
D

C
H

A
R

A
C

T
E

R
IS

T
IC

S

by
Jrm

ichiTanaka1,M
asanoriM

ikam
iz

A
B

S
T

R
A

C
T

EastJapan
R

ailw
ay

Com
pany

(JR
East)

has
over

three
thousand

river
bridges.

These
bridges

are
occasionally

dam
aged

by
scour

around
the

piers
due

to
heavy

rainfalls
or

typhoons.
Am

ong
those

events
there

have
been

the
cases

oftilting
or

collapse
ofbridge

piers,w
hich

m
ightputrailw

ay
transportin

unsafe.O
perationalrules

fortrain
suspension

in
case

ofbridge
scourhazard

have
been

established
and

renovated
on

the
basis

ofthose
cases.

This
paper

presents
som

e
im

portant
bridge

scour
cases

and
outlines

the
current

train
suspension

rules
in

JR
East

w
hich

representthe
em

piricalknowledge
learnt

from
those

cases.

R
IV

E
R

S
IN

JA
P

A
N

Terrain
Characteristics

in
Japan

are
thatm

ore
than

80
percentareas

are
m

ountainous.
Therefor,The

characteristics
ofriverin

Japan
are

shortriverlength
and

steep
riverbed

slope
com

pared
w

ith
the

M
ainland

Rivers
(Fig.1).W

aterofl00km
length

riverfallen
w

ithin
6

to
8

hours.
In

addition,
C

lim
ate

of
Japan

has
m

any
precipitation.

For
exam

ple,
Average

precipitation
in

Tokyo
was

1460m
m

one
year

(1951
to

1980).
Forthis

purpose,rivers
in

Japan
has

a
biggercoefiicientofriverregim

e.Thatis
to

say,riverflow
ofinundation,and

conveyance
ofgravelare

large,
because

ofm
uch

precipitation.
A

prom
inent

D
utch

civil
engineerwho

gave
m

any
suggestion

aboutharness
river

ofJapan
in

the
late

19th
Century

said
“R

iverofJapan
thatis

notariver,thatis
atorrent”.

R
A

ILW
A

Y
B

R
ID

G
E

S
O

F
JR

E
A

S
T

.

Six
passengerrailw

ay
com

panies
and

a
traffic

R
ailw

ay
Com

pany
form

ed
on

division,
and

privatization
ofJapan

nationalR
ailw

ay
since

1987.EastJapan
R

ailw
ay

Com
pany

(JR
East)is

the
largestrailw

ay
com

pany
in

Japan.JR
Easthas

a
netw

ork
of7,538km

oftracks
in

Tokyo
area,and

carry
sixteen

m
illion

and
eighteen

thousand
passengers

ayear.
Alm

ostlines
ofJR

Eastm
aintains

overthree
thousand

riverbridges.These
bridges

were
usually

builtbefore
the

Second
W

orld
W

ar.Bridges
atthis

tim
e

were
builtatthe

pointof

1A
ssistantM

anager,E
quipm

entM
aintenance

D
ept.,

E
astJapan

R
ailw

ay
C

om
pany

2M
anager,

TakasakiO
ffice,E

astJapan
R

ailw
ay

C
om

pany
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JR
Eastlines.

This
system

includes
water

gages
underbridge

piers
and

data
transm

ission
devices

between
sites

and
each

regional
train

operation
control

center
(TO

C).
A

t
the

m
om

entwhen
scour

depth
thatpresum

ed
from

waterlevelapproach
to

the
end

ofbridge
pier,O

rders
to

stop
train

w
illbe

issued
from

TO
C.

Therefore,Train
w

illnotpass
through

the
bridge

thatis
in

unsafe
status

according
to

this
rule.(Fig.7)

However,
disasters

of
1995

and
1997

m
entioned

below
proved

that
there

are
several

types
ofscore

cases
thatcannotbe

foreseen
by

this
rule.To

analyze
disasters

both
in

1995
and

1997,Follow
things

were
studied.

1)Cause
1

'
G

radientofriverbed
in

disasterof1995
was

steep,w
hich

is
the

rivuletthan
be

called
river.

Thus,waterlevelahnostdoes
notincrease

w
ith

river
flow

s
increase,reversely,

erosion
force

increased
w

ith
increm

ent
of

flow
rate.

Such
as

these
rivers,

it
is

im
possible

to
prestune

scourdepth
on

the
basis

ofwaterlevel.
(An

exam
ple

fora
calculation)

G
enerally

waterlevel
approxim

ately
10cm

Basis
100

years
probable

rain
fall

approxim
ately

60cm

2)Cause
2

Both
disasters

of1995
and

1997,head
arisen

in
downstream

region.
This

is
becom

e
w

ith
ctunulation

ofriverbed
decline

age
long.

R
IV

E
R

C
H

A
R

A
C

T
E

E
E

R
IS

T
IC

S
O

F
S

C
O

U
R

C
A

S
E

S

Analysis
oftw

elve
bridge

piers
scours

cases
in

JR
-EAST

thatthere
are

som
e

causes
of

scourw
hich

are
inherentto

theirriver
characteristics.

As
figure

8
shows,

causes
ofscour

are
related

to
particularities

w
hich

riverbed
decline,

large
affection

ofdownstream
head,

curvature
ofrivercourse

and
others.However,the

inference
ofscourdepth

so
farhas

been
m

ade
solely

from
the

waterlevelvalue
ofa

bridge
location;variation

in
rivercharacteristics

are
notbeen

taken
into

accotm
tforscours

depth
estim

ation.
W

e
investigated

riverbed
decline

that
had

intensely
affection

for
scour

in
19

rivers
system

,
and

112
localities

of
JR

-EAST
area.

Investigated
results,

we
looked

out
sw

ift
tendency

ofriverbed
decline

under
1960

to
1970.The

period
ofgathers

riversand
and

built
dam

sjustin
tim

e
is

consistentw
ith

on
highly

developm
entperiod

ofJapan.
Fluctuate

rate
ofriver

bed
shows

in
figure

9.
W

e
com

pared
the

m
ean

riverbed
level

values
perw

atersystem
,and

found
a

decline
tendency

in
allof19

water
system

s.
O

n
the

other
hand,

riverbed
decline

rate
show

a
convergent

tendency
in

the
last

10
years.

Presum
ably,

it
can

be
considered

to
the

effect
of

so
called

“the
river

sand
gathering

restriction
law

”,w
hich

was
enacted

in
and

around
1970’s.

However,heads
were

form
ed

in
downstream

ofbridges
because

ofaccum
ulation

ofriverbed
decline

untilnow.
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N
E

W
Z

E
A

LA
N

D
R

E
FLE

C
TIO

N
S

O
N

B
R

ID
G

E
S

C
O

U
R

By
Stephen

E.Colem
anl,Bruce

W
.M

elvillez,C
hristine

S.Lauchlan3

A
B

S
T

R
A

C
T

N
ew

Zealand
is

a
country

w
ith

num
erous

rivers
and

stream
s

and
a

high
density

ofbridged
river

crossings.
O

n
average,

at
least

one
serious

bridge
failure

each
year

in
N

ew
Zealand

can
be

attributed
to

scourofthe
bridge

foundations,bridge
scourhaving

been
a

high-priority
issue

for
transportation

authorities
in

N
ew

Zealand
over

m
any

years.
Selected

cases
of

bridge-scour
dam

age
thathave

occurred
w

ithin
N

ew
Zealand

are
presented

herein
to

provide
an

overview
of

the
range

ofscourprocesses
occurring

w
ithin

the
country.

O
w

ing
to

N
ew

Zealand’s
rem

arkably
diverse

terrain,
the

cases
presented

cover
ranges

of
bed

m
aterials,

flood
m

agnitudes,
bridge

foundation
configurations,

and
river

m
orphologies.

The
presented

case
studies

highlight
im

portantbridge-scourdesign
considerations:including

relevantaspects
ofriverm

orphology
to

be
considered

(including
variability

in
river

course);
that

bridges
can

suffer
potentially

significant
scour

dam
age

in
floods

sm
aller

than
the

design
floods

traditionally
used

in
scour

analyses;
thatthe

effects
ofhum

an
intervention

into
a

river
(in

the
form

ofm
ining

and
river

training
w

orks
for

exam
ple)

in
the

vicinity
of

a
bridge

site
can

significantly
im

pact
bridge

stability;
and

that
the

expected
scour

depth
at

a
given

bridge
foundation

can
be

severely
underestim

ated
if

the
com

bination
of

the
full

range
of

possible
scour

com
ponents

is
not

considered
forthe

foundation.

TYPES
O

F
SC

O
U

R

The
types

ofscourthatcan
occurata

bridge
crossing

can
be

classified
asfollow

s
(Figure

1):
0

Totalscouris
the

com
bination

ofindividualscourcom
ponents

ata
bridge

crossing.
0

G
eneralscouroccurs

irrespective
ofthe

existence
ofthe

bridge
and

can
occuras

eitherlong-
term

orshort-term
scour.

0
Long-tenn

generalscourdevelops
overa

tim
e

scale
nonnally

ofthe
orderofseveralyears

or
longer,and

includes
progressive

degradation
oraggradation

and
lateralbank

erosion
due

to
channelw

idening
orm

eanderm
igration.

 ISeniorLecturer,Departm
entofC

iviland
Resource

Engineering,The
U

niversity
ofAuckland,

Auckland,N
ew

Zealand.
2

Associate
Professor,

Departm
ent

of
C

ivil
and

Resource
Engineering,

The
U

niversity
of

Auckland,Auckland,N
ew

Zealand.
3

PostdoctoralFellow
,D

elftU
niversity

ofTeclm
ology,Faculty

ofC
ivilEngineering

and
Earth

Sciences,D
elft,the

Netherlands.
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0
Progressive

degradation
(aggradation)is

the
generallow

ering
(raising)ofthe

riverbed
atthe

bridge
site.

I
Short-terrn

generalscourdevelops
during

a
single

orseveralclosely-spaced
floods.

This
type

ofscourincludes
scourarising

from
a

lateralshifto
fa

channelbend,a
channelbraid

orthe
channelthalweg;verticalscourin

a
bend;scourata

confluence;
and

scourarising
from

bed-form
m

igration.
0

Localised
scour

is
directly

attributable
to

the
existence

of
the

bridge,
and

includes
contraction

scourand
localscour.

0
C

ontraction
scouroccurs

where
the

bridge
foundations

(including
approaches)constrictthe

flow
.

0
Localscourresults

from
the

directinterference
ofthe

bridge
foundations

w
ith

the
flow

,and
includes

abutm
entscourandpierscour.

The
effects

ofdebris
rafting

ata
bridge

site
frutherm

agnify
any

erosion
around

the
foundations

and
also

any
lateraland

verticalforces
on

the
bridge

due
to

debris
and

sedim
entloads.

Cases
ofbridge-scourdam

age
are

presented
in

the
rem

ainderofthis
paperin

orderto
illustrate

the
range

ofthese
scourprocesses

occurring
forN

ew
Zealand

conditions.

N
E

W
Z

E
A

LA
N

D
C

A
S

E
S

O
F

B
R

ID
G

E
-S

C
O

U
R

D
A

IV
IA

G
E

Aggradation:
B

ullock
C

reek
R

oad
Bridge

The
49-m

-long
four-span

single-lane
Bullock

Creek
Road

Bridge
on

State
H

ighw
ay

6
was

builtin
1938.

In
1972,a

m
ajor

flood
setoffseveralslips

in
the

catchm
ent,w

hich
is

on
the

line
ofthe

Alpine
fault.

The
landslip-deposited

m
aterialhas

subsequently
been

m
oved

downstream
by

freshes
and

floods,this
m

aterialrepeatedly
causing

bed
aggradation

and
bridge

closru"e
atthe

Bullock
Creek

bridge
site.

The
sedim

ent
at

the
bridge

site
is

predom
inantly

gravels
and

cobbles,
w

ith
a

representative
size

of30-150
m

m
,

and
w

ith
largerfractions

up
to

the
orderof1

m
in

size.
The

braided
channelupstream

ofthe
bridge

flow
s

between
large

terraces
fonned

by
deposited

landslip
m

aterialthathasbeen
pushed

to
the

edges
ofthe

channel.

A
flood

in
January

1983
caused

aggradation
to

a
levelm

ore
than

1
m

above
the

deck
levelofthe

originalbridge.
Subsequentto

this
flood,the

existing
bridge

was
rem

oved
and

the
m

ain
channel

was
excavated.

A
replacem

entbridge
was

constructed
about

100
m

downstream
ofthe

original
bridge,w

ith
the

soffitlevelofthe
new

bridge
2-3

m
higherthan

thatofthe
previous

bridge.

Since
the

bridge
replacem

ent,
the

river
has

aggraded
and

cut
dow

n
quite

regularly.
W

ith
the

aggradation,the
riverhas

outflanked
the

bridge
ateach

end,although
the

new
bridge

has
notbeen

buried.
Bulldozers

have
occasionally

been
used

to
push

aggraded
bed

m
aterial

across
to

the
riverbanks,the

riverthen
cutting

down
again

in
the

centralchannel.
Itis

expected
thatonce

the
slips

in
the

catchm
entstabilise,possible

future
degradation

atthe
bridge

site
m

ay
require

the
construction

ofarockw
eirto

protectthe
bridge

foundations.
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O
verthis

reach,the
riveris

free
to

m
eanderw

ithin
the

floodway.
Riverbanks

w
ithin

the
floodw

ay
are

low
and

usually
grassed,and

the
floodplain

is
low

.
Spillovers

into
the

extensive
low

floodplain
are

m
inim

ised
by

extensive
stopbanks

and
w

illow
protection.

Debris
accrunulation

can
be

a
problem

forthe
piers

centralin
the

river.
A

tthe
road

bridge,the
riverincorporates

a
flood

plain
of

approxim
ately

150
m

w
idth,w

ith
flow

approaching
the

bridge
atapproxim

ately
70°

to
the

bridge
centreline.

M
eandering

has
resulted

in
the

river
approaching

the
Branxholm

e
R

ailBridge
atan

angle
ofabout20°to

the
bridge

centreline.

G
ravel-rrrining-accelerated

degradation
has

occurred
overthe

lives
ofboth

ofthese
bridges

on
the

O
reti

River.
Degradation

atthe
Branxholm

e
R

ail
Bridge

has
been

further
exacerbated

by
the

upstream
interception

ofbed-load
sedim

entsby
aw

eirused
to

facilitate
waterwithdrawal.

Flooding
in

February
1994

resulted
in

several
piles

of
Pier

7
of

the
Branxhohne

R
ail

Bridge
being

undem
rined.

This
flood

constitutes
the

third
largestannualm

axim
um

overthe
period

1977-1996.

In
1975,aw

eircom
posed

ofverticaltim
berpiles

was
noted

to
be

across
the

entire
m

ain
charm

el66
m

downstream
ofthe

centreline
ofthe

O
retiR

iverRoad
Bridge.

Between
1977

and
1978,a

rock
w

eirwas
constructed

w
ith

the
existing

tim
berw

eiras
its

upstream
face

and
defining

the
w

eircrest
level.

A
rock

m
attress

was
also

constructed
beneath

the
bridge

(Figure
3).

The
m

attress
extends

acrossthe
w

idth
ofthe

m
ain

channel,w
ith

the
16-m

-wide
crestatalevelof1.7

m
below

the
levelof

the
rm

derside
of

the
pile

caps
and

centred
along

the
bridge

centreline.
Despite

continued
degradation

ofthe
river

upstream
,

the
rock

weir"
and

m
attress

have
prevented

frnther
significant

degradation
ofthe

stream
bed

atthe
bridge

site.
Although

som
e

rock
has

been
replaced

due
to

fietting,the
structures

haven’tneeded
to

be
topped

up
to

com
pensate

for
generalscour

resulting
from

the
m

ining.

As
a

result
of

the
1994

scour
dam

age
of

the
Branxholrne

R
ail

Bridge,
Piers

7
and

11
were

underpinned
using

steelH-piles
driven

to
18-21

m
below

raillevel,and
arock

w
eirwas

constructed
downstream

ofthe
bridge.

The
w

eircentreline
varies

from
6

m
to

12
m

downstream
ofthe

bridge
centreline.

The
crestofthe

weiris
2.5

m
w

ide
and

is
generally

9
m

below
raillevel,w

ith
elevated

sections
towards

the
banks

to
facilitate

fish
passage

along
the

river.
The

rock
w

eirwas
expected

to
require

m
aintenance

by
topping

up,as
aresultofflood

dam
age

forexam
ple.

Flood-levelwam
ings

have
been

setto
enable

the
railway

line
to

be
closed

in
extrem

e
events.

D
egradation:

Ashburton
R

iverR
oad

Bridge
This

road
bridge

(on
State

Highway
1)

over
the

Ashburton
R

iver
is

a
340-m

-long,
two-lane,

reinforced-concrete
structure

that
was

built
in

1931.
The

bridge
com

prises
31

slab-type
piers

(Figure
4),about25

ofw
hich

lie
w

ithin
the

active
riverchannel.

Each
pieris

form
ded

on
seven

400
m

m
reinforced-concrete

octagonalpiles.
These

piles
were

driven
to

a
relatively

uniform
depth

of
between

6.5
m

and
6.7

m
below

the
underside

ofthe
pile

caps.

The
Ashburton

R
iverin

the
vicinity

ofthe
bridge

site
is

about280
m

wide,is
straight,rm

iform
in

slope
and

w
idth,and

is
bounded

by
treesand

straightstopbanks.
The

channelis
braided

and
there

is
evidence

ofactive
bed

m
ovem

ent.
The

bed
m

aterialis
well-graded

gravel.
O

verthe
life

ofthe
bridge,various

stopbanking,river-clearing
works

and
gravel-extraction

works
have

taken
place

over
extensive

lengths
ofthe

river,upstream
and

downstream
ofthe

bridge.
The

extraction
ofgravel

from
the

riverhasbeen,and
continuesto

be,controlled.
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Generalscourexacerbated
by

gravelextraction
fiom

the
riverhas

resulted
in

a
graduallow

ering
of

the
bed

levelatthe
bridge

site
(Figure

4).
Concem

for
the

vulnerability
ofthe

bridge
to

scour
dam

age
was

accentuated
by

the
shallowness

ofthe
foundation

piles,and
also

debris
rafts

fom
ring

at
the

site
increasing

the
potentialfor

localscourpierundennining
and

bridge
dam

age
or

failure
in

significantfloods.

Rock
aprons

were
constructed

in
1979

arorm
d

each
ofthe

piers
w

ithin
the

active
channel(Figure

4).
Each

apron
m

easures
5

m
wide,15

m
long

and
1.6

m
thick.

Rock
riprap

ofa
m

edian
size

d50of0.5
m

was
used

to
constructthe

aprons,
w

ith
the

upper
surface

ofeach
apron

located
beneath

the
riverbed

surface
and

approxim
ately

2
m

below
the

base
ofthe

pile
cap.

Aprons
actto

reduce
the

scourpotentialatpiers
both

by
arm

ouring
the

bed
againstlocalscourdue

to
localhydraulic

vortices,
and

also
by

protecting
against

general
scour

by
dropping

atthe
apron

extrem
ities

as
this

scour
develops.

Aprons
nevertheless

cannotprovide
totalassurance

againstscouring,
particularly

for
ongoing

generaldegradation.
Inspection

in
1994

indicated
the

rock
apron

to
be

exposed
atone

pier
only.

Bed
levels

in
the

riverchannelcontinue
to

be
regularly

m
onitored.

D
egradation

and
C

hannelW
idening

(also
Bend

and
LocalScours):

Blackm
ountR

oad
Bridge

The
82-m

-long
single-lane

BlackrnountRoad
Bridge

(Figure
5)crossing

the
M

araroa
R

iverform
s

partofW
eirRoad

from
C

lifden
to

M
anapouriin

the
South

Island
ofN

ew
Zealand.

PierB
(C)was

supported
bytw

o
staggered

rows
offour(three)driven

vertical0.4
m

x
0.4

m
concrete

piles.

About1.5
km

downstream
ofthe

bridge
site,the

riverflow
s

into
the

W
aiau

River.
O

w
ing

to
water

levels
being

low
erthan

anticipated,the
waterway

area
atthe

bridge
site

is
in

excess
offlratrequired

to
pass

the
100-yearflood.

The
bridge

is
located

in
a

m
ild

right-hand
bend

ofthe
river(radius

of
curvature

w
500

m
),the

river
approaching

the
bridge

atabout60°
to

the
bridge

centre-line.
The

w
all-type

piers
were

aligned
perpendicularto

the
bridge

centre-line,w
ith

PierB
towards

the
outside

ofthe
bend

(Figure
5).

Below
the

underside
ofthe

pile
cap

forPierB
were

about2
m

ofgravels
(large)

and
boulders

underlain
by

about
11

m
oftightgravels

w
ith

som
e

sands
and

sand
lenses.

Debris
acctunulation,principally

parts
oftrees,can

occuratthe
bridge

piers.

D
uring

the
failure

eventin
August1980,the

channelscoured
across

the
w

idth
ofthe

flood
flows.

The
flood

thatcaused
failure

peaked
atabout900

m
3/s,the

largestrecorded
flood

peak
overthe

period
1963-1996,w

ith
a

peak
flow

duration
ofabout6

hours.
The

flows
atan

angle
to

the
w

all-
type

pierresulted
in

underm
ining

and
rem

ovalofPierB.
W

ith
the

loss
ofthe

foundation,the
bridge

superstructure
buckled

butrem
ained

in
place.

The
deflected

bridge
deck

profile
had

a
m

axim
um

deflection
atthe

position
ofthe

rem
oved

pierofapproxim
ately

3
m

.
A

m
axim

run
scourdepth

of
about2.9

m
was

subsequentlym
easured

atthe
position

ofthe
failed

PierB,scourdepths
decreasing

w
ith

distance
away

from
this

pier.
Slipping

of
the

rm
derm

ined
em

bankm
ent

around
Pier

C
(degradation-associated

channelwidening)exposed
the

piles
forthis

pier.

Rem
edial

w
ork

consisted
ofrestoring

the
riverbed

to
the

original
level

using
natural

riverbed
m

aterial,replacing
PierB

(about3.5
m

closerto
PierC),reinstating

the
slipped

m
aterialaround

Pier
C,protecting

the
piers

and
the

em
bankm

ents
using

rock
riprap,

and
replacing

the
superstructure

w
ith

sim
ilarsteeltrusses.

The
new

PierB
consists

ofa
1.5-m

-diarneterconcrete
cylinderdown

to
the

restored
bed

level,then
a

1.9-m
-diarneterconcrete

cylinderencased
in

a
steelshellextending
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The
m

ain
objective

ofthis
paper

is
show

how
the

hydraulic
aspectofbridge

design
is

tackled
in

M
alaysia.

The
effecton

foundation
scouron

the
integrity

ofthe
bridge

is
highlighted.

Three
different

bridge
sites,

thatis
Pukin

R
iver

Bridge,
Keratong

R
iver

Bridge
and

Plentong
R

iver
Bridge

were
chosen

as
exam

ples
to

illustrate
how

rem
edialactions

were
taken

to
arrest

erosion,although
success

is
notalways

guaranteed.

H
Y

D
R

A
U

LIC
D

E
S

IG
N

P
R

A
C

T
IC

E
S

IN
T

H
E

P
U

B
LIC

W
O

R
K

S
D

E
P

A
R

T
M

E
N

T
(P

W
D

)
M

A
LA

Y
S

IA

Because
hydraulic

considerations
are

extrem
ely

im
portant

to
ensure

the
integrity

of
a

bridges
and

culverts,the
M

alaysian
authority

has
placed

high
em

phasis
in

the
hydraulic

design
of

bridges.
In

the
Public

W
orks

Departm
ent,

M
alaysia,

the
design

philosophy
builds

upon
the

considerations
thatbridges

m
ay

faildue
to:

(a)
inadequate

flow
capacity

leading
to

over-topping
of

the
bridge

deck
or

the
approach

em
bankm

ents;
(b)

increased
loading

on
the

structure
from

water,sedim
entordebris;and

(c)
failure

ofthe
form

dations
orsupports

as
aresultofbridge

scouring.

The
solution

to
the

firstproblem
involves

the
detem

rination
ofthe

design
discharge

and
the

flow
capacity,

and
to

ensure
that

the
fonner

is
less

than
or

equalto
the

latter.
The

design
discharge

can
be

calculated
using

eitherthe
m

easured
stream

flow
data

or
rainfallrecords.

In
M

alaysia,
guidelines

for
the

procedures
to

calculate
this

value
are

contained
in

a
series

of
docum

ents
published

by
the

Drainage
and

Inigation
Departm

ent
(D

ID
)

under
the

M
inistry

of
Agriculture.

Som
e

ofthese
publications

are
H

eiler(1973,1974),H
eilerand

Chew
(1974),Lew

is
etal(1975)

and
Taylor

and
Toh

(1980).
The

Public
W

orks
Departm

ent
(PW

D
)

in
M

alaysia
utilizes

a
100-yearstorm

forbridge
design

and
a

50-yearstonn
forculvertdesign.

To
counteractthe

second
problem

,
the

departm
entproposes

the
provision

ofa
freeboard,

w
hich

is
the

verticaldistance
between

the
highestwaterleveland

the
soffitlevelofthe

bridge
deck.

A
value

ranging
from

0.3
m

to
1.0

m
is

used,w
ith

the
low

ervalue
forchannels

thatare
not

expected
to

have
debris

orfloating
logs.

However,ifdebris
and

floating
logs

are
expected

in
the

river,the
force

exerted
by

these
objects

on
the

piers
m

ustalso
be

considered
in

the
design

ofthe
pier.

The
standard

practice
by

the
Public

W
orks

Departm
ent

(Public
W

orks
Departm

ent
M

alaysia,1982,1985)to
calculate

these
forces

is
asfollow

s:

Fordebris:
tr

0
the

force
shallbe

com
puted

based
on

a
m

inim
um

depth
of1.22

m
(4

feet)ofdebris;and
Q

the
force

shall
be

com
puted

based
on

the
assum

ption
that

the
length

of
the

debris
is

equivalentto
halfthe

stun
ofthe

adjacentspans.

Forfloatinglogs:
0

the
force

shallbe
com

puted
based

on
the

assum
ption

thatthe
log

weighs
2

tonnes,and
travels

atthe
norm

alstream
velocity;and
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abutm
ent.

Furtherm
ore,m

ostofthese
studies

were
conducted

tm
dera

clear-watercondition,and
theirvalidity

when
applied

to
a

live-bed
condition

rem
ains

unproven.
O

nly
recently,the

study
by

C
hiew

and
Lim

(2000)has
ventured

into
riprap

protection
undera

live-bed
condition.

Even
so,riprap

protection
around

an
abutm

entcontinues
to

rem
ain

in
uncharted

territories.

In
addition,

the
experience

gained
on

the
success

or
failure

of
a

particular
scour

counterm
easure

tm
dera

given
flow

condition
often

rem
ains

the
"property"

ofa
particularagency

orcom
pany.

This
knowledge

is
often

notshared
although

blam
e

should
notbe

levied
so

quickly
on

the
practitioners.

G
enerally,

there
are

not
m

any
platform

s
on

w
hich

such
experience

and
know

ledge
can

be
dissem

inated.
It

is
hoped

that
the

inform
ation

on
how

bridge
design

is
conducted

in
M

alaysia,and
the

three
exam

ples
cited

above
w

illencourage
discussion

form
utual

benefits
am

ongstresearchers
and

practitioners
in

this
area.

A
C

K
N

O
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V
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D
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M
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C
ondition

rating
areusedto

describe
the

existing,in-place
bridge

ascom
paredto

the
as-builtcondition.

Inspectors
are

to
accurately

record
the

presentcondition
ofthe

bridge
foundations

and
the

stream
,in

addition
to

the
condition

ofthe
superstructure,approaches

and
etc.

They
areto

identify
conditions

thatare
indicative

ofpotentialproblem
s

forfurther
review

and
evaluation

by
others.

The
scour

evaluation
program

was
started

in
1988

as
the

result
of

Technical
Advisory

T5140.20
w

hich
was

superceded
by

T5140.23
in

1991.
The

evaluation
is

to
be

conducted
by

an
interdisciplinary

team
ofhydraulic,geotechnicaland

structuralengineers
who

canm
akethenecessaryengineeringjudgm

entsto
determ

inethe
vulnerabilityofabridge

to
scour.This

program
resulted

from
the

failure
ofthe

I-90
bridge

overSchoharie
Creek

in
upstateN

ew
York

w
hich

killed
10

people
(N

TSB,1988
and

Richardson,etal,1987).
There

are
471,407

bridges
overwaterin

the
N

ationalbridge
inventory.

As
ofNovem

ber,
1999,

481,155
have

beenscreened
asto

theirscourvulnerability
and353,738have

been
evaluated.

The
statistic

fiom
the

screening
are

asfollow
s:

Q
Low

R
isk

345,033
v

ScourSusceptible
23.492

U
nknow

n
Foundations

87,093
Tidal

1,055
ScourC

ritical
23,582

The
evaluation

program
in

the
U.S.is

on
schedule

and
scourcounterm

easures
have

been
taken

on
bridges

thathave
been

identified
as

scour
susceptible

or
scour

critical.
Replacem

ent
bridges

are
being

constructed
as

rapidly
as

funds
can

be
provided.

A
n

im
portantscourcounterm

easure
is

riprap
protection,scourm

onitoring
before,during

and
aftera

flood
and

the
inspection

program
(Richardson

and
Davis,1995,Lagasse

etal,1995,
1997a

and
1997b).

Inspection
forscouris

extrem
ely

difficultbecause
ofthe

m
any

factors
thatim

pactthe
scourvuhrerability

ofabridge.
Som

e
ofthese

factors
are

stream
instability,

drainage
area

changes,changes
in

flood
m

agnitude,potentialchanges
in

angle
ofattack,

stream
changesupstream

and
downstream

ofthe
bridge,long

term
degradation,changes

in
land

use,urbanization,gravelm
ining,and

etc.

This
paperdescribes

in
m

ore
detailscourinspection

and
use

three
case

histories
to

illustrate
the

difficulties
in

inspection
forscourvulnerability.

F
H

W
A

"R
E

C
O

R
D

IN
G

A
N

D
C

O
D

IN
G

G
U

ID
E

"
(1995)

D
uring

the
bridge

inspection,the
condition

ofthe
substructure,

bridge
waterway

opening,
charm

elprotection,
and

scour
counterm

easures
are

evaluated,
along

w
ith

the
condition

ofthe
stream

.FH
W

A
’s

"Recording
and

Coding
G

uide"
(FH

W
A,

1995)gives
guidance"

forrating
the

presentcondition
ofthe

bridge.
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Table
1.

Item
60

-Substructure
(FH

W
A,

1995)

This
item

describes
the

physicalcondition
ofpiers,abutm

ents,piles,fenders,footings,or
othercom

ponents.
Rate

and
codethe

condition
in

accordance
w

ith
the

previously
described

generalcondition
ratings.

Code
N

forallculverts.

A
llsubstructure

elem
entsshouldbeinspected

forvisible
signsofdistressincluding

evidence
ofcracking,section

loss,settlem
ent,m

isalignm
ent,scour,collision

dam
age,and

corrosion.
The

rating
given

by
Item

l13
-ScourC

riticalBridges,m
ayhave

asignificanteffecton
Item

60
ifscourhas

substantially
affected

the
overallcondition

ofthe
substructure.

The
substructure

condition
rating

shallbem
ade

independentofthe
deckand

superstructure.

Integral-abutrnentw
ingw

alls
to

the
firstconstruction

orexpansionjointshallbe
included

in
the

evaluation.
Fornon-integralsuperstructure

and
substructure

turits,the
substructure

shallbe
considered

asthe
portion

below
the

bearings.
Forstructures

where
the

substructure
and

superstructure
are

integral,the
substructure

shallbe
considered

asthe
portion

below
the

superstructure.

The
follow

ing
generalcondition

ratings
shallbe

used
as

a
guide

in
evaluating

Item
s

60:

Code
D

escription

O\\]OO\Dz

N
O

T
APPLIC

ABLE
EXC

ELLEN
T

C
O

N
D

ITIO
N

VER
Y

G
O

O
D

C
O

N
D

ITIO
N

-no
problem

s
noted.

G
O

O
D

C
O

N
D

ITIO
N

-som
e

m
inorproblem

s.
SATISFAC

TO
R

Y
C

O
N

D
ITIO

N
-

structural
elem

ents
show

som
e

m
inor

deterioration.
5

FA
IR

C
O

N
D

ITIO
N

-allprim
ary

structuralelem
ents

are
sound

butm
ay

have
m

inor
section

loss,cracking,spalling
orscour.

4
PO

O
R

C
O

N
D

ITIO
N

-advanced
section

loss,deterioration,spalling
orscour.

3
SERIO

US
C

O
N

D
ITIO

N
-

loss
ofsection,

deterioration,
spalling

or
scour

have
seriously

affected
prim

ary
structural

com
ponents.

Local
failures

are
possible.

Fatigue
cracks

in
steelorshearcracks

in
concrete

m
ay

be
present.

2
C

R
ITIC

AL
C

O
N

D
ITIO

N
-advanced

deterioration
ofprim

ary
structuralelem

ents.
Fatigue

cracks
in

steelorshearcracks
in

concrete
m

aybe
presentorscourm

ayhave
rem

oved
substructure

support.Unlesscloselym
onitored

itm
aybenecessaryto

close
the

bridge
untilcorrective

action
is

taken.
1

"IM
M

IN
E

N
T"FAILU

R
E

C
O

N
D

ITIO
N

-m
ajordeterioration

orsectionlosspresent
in

critical
structural

com
ponents

or
obvious

vertical
or

horizontal
m

ovem
ent

affecting
structure

stability.
Bridge

is
closed

to
traffic

butcorrective
action

m
ay

putback
in

lightservice.
0

FAILED
C

O
N

D
ITIO

N
-outofservice

-beyond
corrective

action.
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Table
2.

Item
61

-Channeland
ChannelProtection

(1995)

Thisitem
describesthephysicalconditionsassociatedw

ith
the

flow
ofwaterthrough

the
bridge

such
asstream

stability
andthe

condition
ofthe

charm
el,riprap,slope

protection,
or

stream
control

devices
including

spur
dikes.

The
inspector

should
be

particularly
concem

ed
w

ith
visible

signs
ofexcessive

watervelocity
w

hich
m

ay
affecttm

derm
ining

of
slope

protection,
erosion

ofbanks,and
realigm

nentofthe
stream

w
hich

m
ay

resultin
im

m
ediate

orpotentialproblem
s.Accum

ulation
ofdriftanddebrisonthe

superstructure
and

substructure
should

benoted
onthe

inspection
form

butnotincluded
in

the
condition

rating.

Rate
and

code
the

condition
in

accordance
w

ith
the

previously
described

generalcondition
ratings

and
the

follow
ing

descriptive
codes:

Code
D

escription
N

N
otapplicable.Use

when
bridge

is
notovera

waterway
(charm

el).

9
There

areno
noticeable

ornotew
orthy

deficiencies
w

hich
affectthe

condition
ofthe

channel.

8
Banks

are
protected

orw
ellvegetated.

R
ivercontroldevices

such
asspurdikes

and
em

bankm
entprotection

are
notrequired

orare
in

a
stable

condition.

7
Bankprotection

is
in

needofm
inorrepairs.

R
ivercontroldevices

and
em

bankm
ent

protection
have

a
little

m
inordam

age.
Banks

and/orchannelhave
m

inoram
ounts

ofdrift.

6
Bankisbeginning

to
slum

p.
R

ivercontroldevicesand
em

bankm
entprotection

have
widespread

m
inordam

age.There
is

m
inorstream

bed
m

ovem
entevident.

Debris
is

restricting
the

channelslightly.

5
Bank

protection
is

being
eroded.

R
ivercontroldevices

and/orem
bankm

enthave
m

ajordam
age.

Trees
and

brush
restrictthe

channel.

Bank
and

em
bankm

entprotection
is

severely
underm

ined.
R

ivercontroldevices
have

severe
dam

age.Large
deposits

ofdebris
are

in
the

charm
el.

3
Bankprotection

hasfailed.
R

ivercontroldevices
have

been
destroyed.

Stream
bed

aggradation,
degradation

or
lateralm

ovem
enthas

changed
the

channelto
now

threaten
the

bridge
and/orapproach

roadway.

2
The

charm
elhas

changed
to

the
extentthe

bridge
is

neara
state

ofcollapse.

1
Bridge

closed
because

ofcham
relfailure.Corrective

action
m

ay
putback

in
light

service.

0
Bridge

closed
because

ofchannelfailure.Replacem
entnecessary.
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Table
4.

Item
113

-ScourC
riticalBridges

(FH
W

A,
1995)

Use
a

single-digit
code

as
indicated

below
to

identify
the

current
status

ofthe
bridge

regarding
its

vulnerability
to

scour.
Scour

analyses
shall

be
m

ade
by

hydraulic/geotechnical/structuralengineers.
Details

on
conducting

a
scour

analysis
are

included
in

the
FH

W
A

TechnicalAdvisory
5140.23

titled,"Evaluating
ScouratBridges."

Vlflreneverarating
factorof4

orbelow
is

determ
ined

forthis
item

,the
rating

factorforItem
60

-Substructure
m

ay
need

to
be

revised
to

reflectthe
severity

ofactualscourand
resultant

dam
agetothe

bridge.A
scourcriticalbridge

isone
w

ith
abutm

entorpierfoundationsw
hich

are
rated

asunstable
due

to
(1)observed

scouratthe
bridge

site
or(2)a

scourpotentialas
detennined

fiom
a

scourevaluation
study.

Code
D

escription

N
Bridge

notoverwaterway.
U

Bridge
w

ith
"unknow

n"foundation
thathas

notbeen
evaluated

forscour.
Since

risk
cannot

be
determ

ined,flag
form

onitoring
during

flood
events

and,ifappropriate,closure.
T

Bridge
over"tidal"

waters
thathas

notbeen
evaluated

forscour,butconsidered
low

risk.
Bridge

w
illbe

m
onitored

w
ith

regularinspection
cycle

and
w

ith
appropriate

underwater
inspections.("U

nknow
n"

foundations
in

"tidal"waters
should

be
coded

U
).

9
Bridge

foundations
(including

piles)on
dry

land
w

ellabove
flood

waterelevations.
8

Bridge
foundations

determ
ined

to
be

stable
for

assessed
or

calculated
scourconditions;

calculated
scouris

above
top

offooting.
7

Counterm
easures

have
been

installed
to

correctapreviously
existing

problem
w

ith
scour.

Bridge
is

no
longerscourcritical.

6
Scourcalculation]evaluation

hasnotbeenm
ade.(Use

onlyto
describe

casewhere
bridge

has
notyetbeen
evaluated

forscourpotential.)
5

Bridge
foundations

determ
ined

to
be

stable
forcalculated

scourconditions;scourw
ithin

lim
its

offooting
orpiles.

4
Bridge

foundations
detennined

to
be

stable
forcalculated

scourconditions;field
‘review

indicatesaction
isrequired

to
protectexposed

foundations
from

effectsofadditionalerosion
and

corrosion.
3

Bridge
is

scourcritical;bridge
foundations

determ
ined

to
be

unstable
forcalculated

scour
conditions:
-Scourw

ithin
lim

its
offooting

orpiles.
-Scourbelow

spread-footing
base

orpile
tips.

2
Bridge

is
scourcritical;field

review
indicates

thatextensive
scourhas

occurred
atbridge

foundations.Im
m

ediate
action

is
required

to
provide

scourcounterm
easures.

1
Bridge

is
scourcritical;field

review
indicates

thatfailure
ofpiers/abutm

ents
is

im
m

inent.
Bridge

is
closed

to
traffic.

0
Bridge

is
scourcritical.traffic.

Bridge
has

failed
and

is
closed

to
traffic.
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G
eneralSite

C
onsiderations

In
orderto

appreciate
the

relationship
between

the
bridge

and
the

riveritis
crossing,notice

should
be

given
to

the
conditions

ofthe
riverup-

and
downstream

ofthe
bridge:

~
Is

there
evidence

ofgeneraldegradation
oraggradation

ofthe
riverchannelresulting

in
unstable

bed
and

banks?

~
Is

there
evidence

ofon-going
developm

ent
(urbanization)

in
the

watershed
and

particularly
in

the
adjacent

floodplain
that

could
be

contributing
to

channel
instability?

~
Are

there
active

gravelorsand
m

ining
operations

in
the

channelnearthe
bridge?

~
Are

there
confluencesw

ith
otherstream

s?
H

ow
w

illthe
confluence

affectflood
flow

and
sedim

enttransportconditions?

~
Is

there
evidence

atthe
bridge

orin
the

up-and
downstream

reachesthatthe
stream

carries
large

am
ounts

ofdebris?
Is

the
bridge

superstructure
and

substructure
stream

lined
to

pass
debris,oris

itlikely
thatdebris

w
illhang

up
on

the
bridge

and
create

adverse
flow

pattem
s

w
ith

resulting
scour?

~
The

bestw
ay

ofevaluating
flow

conditions
through

the
bridge

is
to

look
atand

photograph
the

bridge
from

the
up-and

downstream
charm

el.
Is

there
a

significant
angle

ofattack
ofthe

flow
on

apierorabutm
ent?

Assessing
the

Substructure
C

ondition
Item

60,Substructure,isthe
key

item
forrating

the
bridge

foundations
forvulnerabilityto

scourdam
age.

W
hen

abridge
inspector

fm
dsthata

scourproblem
hasalreadyoccurred,itshould

be
considered

in
the

rating
ofItem

60.
Both

existing
and

potentialproblem
s

w
ith

scourshould
be

reported
so

thata
scour

evaluation
can

be
m

ade
by

an
interdisciplinary

team
.

The
scourevaluation

is
reported

on
Item

113
(Table

4)in
the

"Recording
and

Coding
G

uide."
Ifthe

bridge
is

determ
ined

to
be

scour
critical,

the
rating

ofItem
60

should
be

evaluated
to

ensure
that

existing
scour

problem
s

have
been

considered.
The

follow
ing

item
s

are
recorm

nended
forconsideration

in
inspecting

the
presentcondition

ofbridge
foundations:

1.
Evidence

ofm
ovem

entofpiers
and

abutm
ents;

~
Rotationalm

ovem
ent(check

w
ith

plum
b

line)
~

Settlem
ent(check

lines
ofsubstructure

and
superstructure,bridge

rail,etc.,
fordiscontinuities;check

forstructuralcracking
orspalling)

-
Check

bridge
seats

forexcessive
m

ovem
ent

2.
Dam

age
to

scourcounterm
easures

protecting
the

foundations
(riprap,guide

banks,
sheetpiling,

sills,
etc.),

Has
riprap

placed
arotm

d
piers

and/or
abutm

ents
been

rem
oved

or
replaced

w
ith

river
run

m
aterial.

A
com

m
on

cause
ofdam

age
to

abutm
entriprap

protection
is

rrm
offfrom

the
ends

ofthe
bridge

w
hich

flow
s

down
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to
the

riprap
and

rm
dem

rines
it.

This
condition

can
be

corrected
by

installing
bridge

end
drains.

3.
Changes

in
stream

bed
elevation

atfoundations
(rm

dennining
offootings,exposure

ofpiles),and

4.
Changes

in
stream

bed
cross

section
atthe

bridge,including
location

and
depth

of
scourholes.

~
N

ote
and

m
easure

any
depressions

around
piers

and
abutm

ents
~

N
ote

the
approach

flow
conditions.

Is
there

an
angle

ofattack
offlood

flow
on

piers
orabutm

ents?

In
orderto

evaluate
the

conditions
ofthe

foundations,the
inspectorshould

take
cross

sectionsofthe
stream

,noting
location

and
condition

ofstrearnbanks.
Carefulm

easurem
ents

should
be

m
ade

ofscourholes
atpiers

and
abutm

ents,probing
softm

aterialin
scourholes

to
determ

ine
the

location
ofa

firm
bottom

.
If

equipm
entor

conditions
do

notperm
it

m
easurem

entofthe
stream

bottom
,this

condition
should

be
noted

forfurtheraction.

Assessing
ScourPotentialatBridges

The
item

s
listed

in
Table

5are
provided

for
bridge

inspectors’consideration
in

assessing
the

adequacy
ofthe

bridge
to

resistscour.
In

m
aking

this
assessm

ent,inspectors
need

to
understand

and
recognize

the
interrelationships

between
Item

60
(Substructure),Item

61
(Channeland

ChannelProtection),and
Item

71
(W

aterway
Adequacy).

As
noted

earlier,additionalfollow
-up

by
an

interdisciplinary
team

should
be

m
ade

utilizing
Item

113
(Scour

C
riticalBridges)

when
the

bridge
inspection

reveals
a

potentialproblem
w

ith
scour.

Cross-Sections
and

U
nderw

aterInspections
Perhaps

the
single

m
ostim

portant
aspectofinspecting

the
bridge

foractualorpotentialdam
age

from
scouris

the
taking

and
plotting

ofm
easurem

ents
ofstream

bottom
elevations

in
relation

to
the

bridge
foundations.

W
here

conditions
are

such
thatthe

stream
bottom

cannotbe
accurately

m
easured

by
rods,

poles,sounding
lines

orotherm
eans,otherarrangem

ents
need

to
be

m
ade

to
determ

ine
the

condition
ofthe

foundations.
O

ther
approaches

to
detennining

the
cross

section
ofthe

stream
bed

atthe
bridge

include:

rb-UJl\.)|-~ .
Use

ofdivers
.

Use
ofelectronic

scourdetection
equipm

ent
.

W
hatare

the
shapes

and
depths

ofscourholes?
Is

the
foundation

footing,pile
cap,orthe

piling
exposed

to
the

stream
flow

;
and

ifso,w
hatisthe

extentand
probable

consequences
ofthis

condition?
5.

Has
riprap

around
a

pierbeen
m

oved
orrem

oved?
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Post-Inspection
D

ocum
entation

Follow
ing

com
pletion

ofthe
bridge

inspection,
the

new
channelcross

section
should

be
com

pared
w

ith
the

cross
sections

taken
during

previous
inspections.

The
results

ofthe
com

parison
should

be
evaluated

and
docum

ented.
M

any
bridge

inspectors
now

utilize
lap

top
com

putersto
facilitate

the
docrunentation

ofthe
inspection

findings.
Com

puters
w

illalso
facilitate

plotting
ofsuccessive

channelcross-
sectionsto

enable
rapid

evaluation
ofthe

changes.
A

bridge
scourexpertsystem

,C
AESAR

,
(TR

B,1999)is
available

to
assistin

this
process.

N
otification

Procedures
The

States
have

established
a

positive
procedures

of
prom

ptly
com

m
tm

icating
inspection

findings
to

properagency
personnelfor

action.The
procedure

provides
foraction

forany
condition

thatabridge
inspectorconsiders

to
be

ofan
em

ergency
orpotentially

hazardous
nature.In

som
e

states
the

inspectorcan
close

a
bridge

w
hich

he
considers

dangerous.
W

hereas,in
otherstates

he
notifies

a
designated

authority
w

ho
takesthe

necessaryaction.Conditionsw
hich

do
notpose

anim
m

ediate
hazard,butstill

warrant
further

action,
are

conveyed
to

those
responsible

for
action.

N
om

rally,
an

independentrevue
authority

isestablished
to

be
sure

thatcorrections
are

m
ade

to
aproblem

thatan
inspection

has
identified.

C
ASE

H
IS

TO
R

IE
S

O
F

B
R

ID
G

E
IN

S
P

E
C

TIO
N

P
R

O
B

LE
M

S

Introduction

Since
1987

there
have

been
three

bridge
failures

w
ith

loss
oflife

thatillustrate
the

im
portance

ofbridge
inspections.

In
two

ofthe
failures

inspectorsfailed
to

observe
changed

conditions
thatifcorrected

m
ay

have
saved

the
bridge.

In
the

third
case,the

inspectors
docum

ented
the

changes,butthere
was

no
follow

-up
action

to
evaluate

the
changes

and
to

protectthe
bridge.

In
the

follow
ing

sections,the
inspection

problem
s

associated
w

ith
these

bridge
failures

are
described

and
issues

related
to

inspection
are

highlighted.

Schoharie
C

reek
B

ridge
Failure

O
n

A
pril

5,
1987

the
N

ew
York

State
Thruw

ay
Authority

Bridge
(I-90)

over
Schoharie

Creekcollapsed
killing

10persons(Richardson
etal,1987

andN
TSB,1988).

The
N

ationalTransportation
Safety

Board
investigated

the
collapse

and
gave

as
the

probable
cause

as:"............tlre
failure

oftheN
ew

York
State

Thruw
ay

Authority
(N

YSTA)to
m

aintain
adequate

rip
rap

around
the

bridge
piers,w

hich
led

to
severe

erosion
in

the
soil

beneath
the

spread
footings.C

ontributing
to

the
accidentwere

am
bivalentplans

and
specifications

used
forconstruction

ofthe
bridge,an

inadequate
N

Y
S

TA
bridge

inspection
program

,and
inadequate

oversightbythe
N

ew
Y

ork
State

Departm
entof

TransportationandtheFederalH
ighw

ayAdm
inistration.C

ontributingto
theseverity

ofthe
accidentwas

the
lack

ofstructuralredundancy
in

the
bridge."
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inclinations
ofbridge

piers
stay

inside
ofthe

sm
alllim

ited
range

and
m

uch
sm

allerthan
the

inclination
thathas

a
bad

influence
on

the
track.

Above
scourm

onitoring
device

is
low

-cost,because
only

one
scourm

onitoring
device

is
seton

bridge
pierin

orderto
evaluate

stability
ofbridge

pier.And
follow

ing
effects

are
expected

in
case

to
use

above
scourm

onitoring
devices.

(1)The
rule

forregulation
oftrain

operation
during

high
waterw

ith
above

scour
m

onitoring
devices

becom
e

m
ore

reliable,because
m

onitoring
objects

ofthese
devices

have
closerrelationship

w
ith

stability
ofbridge

foundation.
(2)These

devices
are

also
effective

forthe
fltune

w
ith

steep
slope

thatstream
becom

es
super-criticalflow

and
waterlevelhardly

rises
during

a
flood

C
O

N
C

LU
SIO

N
S

Table
1shows

sum
m

ary
ofthe

fourscourm
onitoring

devices
developed

by
JR

East.
Scourm

onitoring
devices

exceptforaccelerom
eter-type

were
m

ade
forpracticaluse.A

t
present,new

regulation
oftrain

operation
during

high
waterincluding

w
ith

installing
a

scourm
onitoring

is
considered

by
JR

East.

Table
1

Sum
m

ary
ofScourM

onitoring
Devices

Type
ofscour
.

.
Characteristics

Use
for

m
om

toring

Floating
Sw

itch
Type

Those
can

m
onitoran

Assessm
entofthe

risk
of

Electrode
Type

elevation
ofriverbed.

abutm
entor

revetm
entfailure

IAccelerom
eterType

Those
can

m
onitorstability

Assessm
entofthe

risk
of

Bridge
C

linom
eterType

ofbridge
pier.

pierfailure

R
E

FFE
R

E
N

C
E

1)
N

ishim
ura,A.,Tanam

ura,S.,1989
“A

Study
on

Integrity
Assessm

entofR
ailw

ay
Bridge

Foundation
(in

Japanese)”,R
TR

IReportVol.3,N
o.8
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R
E

A
L-T

IM
E

B
R

ID
G

E
S

C
O

U
R

A
S

S
E

S
S

M
E

N
T

A
N

D
W

A
R

N
IN

G

By
Jeffrey

M
.D

iStasiland
Carlton

L.H02

A
B

S
T

R
A

C
T

A
m

ethod
to

assess
bridge

scour
potential

is
presented.

The
purpose

ofthe
m

ethod
developm

entis
to

provide
agencies

such
as

state
Departm

ents
ofTransportation

(D
O

Ts),
state

police,and
localpolice

a
m

eans
ofassessing

the
hazard

posed
by

bridge
scour.

This
m

ethod
is

based
upon

a
spatialdecision

supportsystem
(SDSS).

The
SDSS

is
an

interoperable
code

that
w

illallow
for

flexibility
in

spatialcalculation.
The

SDSS
is

a
JAVA

based
program

designed
w

ith
interchangeable

m
odules

(data
m

anagem
ent,

algorithm
,

and
graphical

user
interface).

Because
the

code
is

JA
V

A
based,

the
program

can
rim

on
any

platform
.

It
is

im
portant

to
recognize

that
the

SDSS
was

originally
envisioned

for
use

as
a

m
eans

to
assess

seism
ically

induced
landslide

hazard,butis
flexible

enough
to

be
used

foralltypes
ofspatialanalysis

(M
iles

etal,
1999).

Forthis
application,the

SDSS
calculates

bridge
scourhazard

using
differenttypes

ofdata
sets,analyticalalgorithm

s,and
spatialanalysis.

The
data

sets
are

archival(foundation
design,geom

etries,stream
bed

contours,location,
etc.)and

tem
poral(clim

atalogical,hydrological,bridge
scourm

onitors,etc.).
Archivaldata

can
be

periodically
m

odified
as

needed.
Analytical

algorithm
s

are
based

upon
recom

m
endations

from
the

FederalH
ighw

ays
Adm

inistration
H

ydraulic
Engineering

C
irculars

18
and

20.
O

ther
algorithm

s
could

be
sim

ply
im

plem
ented

using
the

m
odularnature

ofthe
SDSS.

A
n

im
portantaspectofevaluating

the
hazard

potentialis
an

assessm
entoftypes

ofdata
thatare

available
and

the
form

atin
w

hich
these

data
are

kept.
A

survey
ofthe

available
data

is
m

ade
ofthe

N
ew

England
region

ofthe
U

nited
States

ofAm
erica.

A
survey

was
m

ade
offederal

and
regional

agencies
to

detennine
the

types
of

available
data.

In
addition,

existing
scour

program
s

in
each

N
ew

England
state

are
reviewed

to
provide

an
understanding

ofthe
each

state’s
program

and
its

direction.
Recom

m
endations

are
m

ade
forthe

developm
entofadditionalm

eans
ofdata

acquisition
for

better
real-tim

e
assessm

ent.
U

ltim
ately,

the
SDSS

could
be

used
as

a
web-based

m
onitoring

schem
e

for
real-tim

e
dissem

ination
ofbridge

scour
hazard

w
arning

for
safety

and
m

aintenance
related

public
agencies.

IN
TR

O
D

U
C

TIO
N

The
collapse

of
the

Schoharie
Creek

Bridge
in

N
ew

York
in

1987
was

the
first

catastrophic
event

thatbroughtbridge
scourinto

the
public

spotlight.
Since

then,the
Federal

H
ighw

ay
Adm

inistration
(FH

W
A

)
has

focused
its

efforts
on

identifying
and

coding
allbridges

regarding
their

scour
susceptibility

through
qualitative

and
quantitative

m
eans.

In
1989,

the
FH

W
A

m
andated

thatallstates
evaluate

stream
stability

and
the

potentialfor
scour

atbridges
over

water.
Technical

advisories
TA5140.20

“Scour
at

Bridges”
(U.S.

Departm
ent

of

1G
rad.Asst.,Dept.ofCiv.and

Env.Engineering,U
niv.ofM

ass.,Am
herst,M

A
01003

2Assoc.Prof.,Dept.ofCiv.and
Env.Engineering,U

niv.ofM
ass.,Am

herst,M
A

01003
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Transportation,
1988)

and
TA5140.23

“Evaluating
Scour

at
Bridges”

(U.S.
Departm

ent
of

Transportation,
1991)were

issued
in

1988
and

1991,respectively,to
provide

guidance
for

states
as

they
developed

and
im

plem
ented

scour
evaluation

program
s

for
existing

bridges
and

new
bridge

designs.
In

1991,
H

ydraulic
Engineering

C
ircular

20
(H

EC
-20)

“Stream
Stability

at
H

ighw
ay

Structures”
was

published
by

the
FH

W
A

to
help

provide
guidelines

for
identifying

stream
instability

at
highw

ay
stream

crossings
(Lagasse

et
al,

1991).
In

1995,
H

ydraulic
EngineerC

ircular
18

(H
EC

-18)“Evaluating
ScouratBridges

Third
Edition”was

released
by

the
FH

W
A,

w
hich

presented
a

revised
m

ethodology
for

a
fullscouranalysis,including

the
design,

evaluation,
and

inspection
ofbridges

for
scour

(Richardson
and

D
avis,

1995).
O

fparticular
concenrare

scourcriticalbridges,w
hich

are
bridges

thatcould
experience

catastrophic
failure

or
becom

e
structurally

unstable
as

a
resultofexcessive

scourcaused
by

a
destructive

flood
event.

A
single

digitrating
system

w
ithin

the
N

ationalBridge
Inspection

Standards
(N

BIS)
was

also
developed

by
the

FH
W

A
to

help
classify

the
vulnerability

ofbridges
to

scour.
N

ow
thatm

ostofthe
bridges

have
been

evaluated,inventoried,and
coded

w
ith

regard
to

scour,
the

next
logical

step
is

to
develop

a
system

atic
m

eans
of

classifying
and

prioritizing
bridges

for
rem

ediation.
The

objective
of

this
research

is
to

develop
a

strategy
for

the
organization

ofa
statewide

netw
ork

ofscourm
onitoring

devices
to

assistin
the

allocation
of

resources
during

potentially
destructive

flood
events,

w
hich

w
ould

include
assessing

bridge
scourin

real-tim
e.

This
w

ould
be

accom
plished

using
a

web-based
approach,w

hich
consists

ofa
platform

independentcode
thatutilizes

a
SDSS.

U
nfortunately,

the
scour

equations
found

in
H

EC
-18

m
ay

not
predict

accurate
scour

depths.
This

m
ay

be
due,

am
ong

other
things,to

the
inability

to
conducttests

on
large-scale

laboratory
m

odels.
Therefore,new

scourequations
should

also
be

researched
thatcould

also
be

used
along

w
ith

the
currentequations.

B
A

C
K

G
R

O
U

N
D

Through
the

N
BIS,

scour
critical

bridges
are

addressed
in

the
Item

I113
code

in
the

R
ecording

and
C

oding
G

uide
forthe

Structure
Inventory

and
Appraisalofthe

N
ation’s

Bridges
N

ationalBridge
(ReportN

o.
FH

W
A-PD

-96-001).
A

scour
criticalbridge

is
classified

as
such

according
to

one
ofthe

follow
ing:

(1)observed
scouratthe

bridge
site

or(2)
scorn

potentialas
determ

ined
by

a
scourevaluation

study.
A

single
digitcode

is
used

to
describe

the
stability

of
the

bridge’s
pier

and
abutm

entform
dations.

Scourcriticalbridges
are

identified
by

a
code

of3
orless

(U
.S.Departm

entofTransportation,1995).
O

verthe
pastten

years,state
D

O
Ts

in
N

ew
England

have
devoted

a
large

am
ountoftim

e
to

assigning
I113

codes
for

each
bridge.

M
any

bridges
were

assigned
codes

after
an

initial
screening

was
perform

ed,w
ithoutthe

need
for

a
fullscour

analysis.
This

was
done

through
a

review
of

existing
inform

ation
for

the
bridges,

including,
but

not
lim

ited
to,

bridge
plans,

hydrologic
files,

FE
M

A
flood

studies,
and

USG
S

stream
gage

data.
For

a
large

ntunber
of

bridges,however,the
initialscreening

was
notsufficientand

a
fullcom

prehensive
scouranalysis

was
required.

This
usually

m
eanthundreds

ofbridges
foreach

state.
O

fthose
bridges

thatwere
put

through
a

scour
evaluation

study,
m

any
still

rem
ain

either
rurcoded

or
were

assigned
a

tem
porary

code
untila

m
ore

thorough
analysis

could
be

perform
ed.

O
ne

reason
forthis

has
been

that
for

m
any

of
the

older
bridges,

no
plans

were
available

and
thus

the
foundations

were
unknow

n.
In

othercases,hydraulic
orFEM

A
studies

were
notavailable

or
com

plex
hydraulic

conditions
necessitated

a
m

ore
intensive

analysis.
W

hile
m

any
ofthese

states
have

coded
the
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m
ajority

oftheirbridges,no
state

has
com

pletely
finished

this
task

due
in

large
partto

unknow
n

foundations,
although

tem
porary

codes
m

ay
have

been
used

for
the

tim
e

being.
Forthe

m
ost

part,allofthe
bridges

w
ith

know
n

foundations
have

received
an

I1
13

code.
There

have
been

a
few

different
approaches

to
addressing

bridges
w

ith
im

know
n

foundations.
O

ne
is

to
code

the
bridge

as
a

3
(scourcritical).

This
was

done
to

save
tim

e
and

m
oney

and
was

based
upon

results
ofothersim

ilarbridges
thatreceived

fullscoru
evaluations.

Another
approach

is
to

code
the

bridge
as

U
(unknow

n
foundation)

for
now

until
substuface

investigations
can

be
perform

ed
based

upon
prioritization

(Nardone,2000).
The

investigations
can

be
accom

plished
through

borings
orgeophysicaltesting

m
ethods,such

as
ground

penetrating
radar.

O
bviously,

this
approach

is
m

ore
costly,

but
it

pem
iits

a
full

scour
evaluation

to
be

conducted
and

instead
ofassum

ing
allofthese

bridges
are

scourcritical,som
e

m
ay

be
able

to
be

rem
oved

from
this

list.
This

could
also

save
m

oney
in

the
long

term
as

w
ell,

w
hich

w
ill

be
discussed

laterin
the

paper.
A

ll
states

m
ust

deal
w

ith
the

sam
e

scour
problem

,
yet

when
it

com
es

to
available

resources
such

as
m

oney
and

persom
rel,no

two
states

are
alike.

The
im

plem
entation

ofa
SDSS

w
illhelp

levelthe
field

for
allstates,perm

itting
allparties

to
evaluate

and
m

onitor
scourusing

the
sam

e
m

odels.

G
E

N
E

R
A

L
S

C
O

U
R

A
N

A
LY

S
IS

To
som

e
extent,allofthe

states
in

N
ew

England
have

developed
a

flow
chartthatoutlines

the
generalprocedure

follow
ed

for
a

typicalbridge
scouranalysis.

Each
state’s

scourprogram
was

a
resultofa

collective
effortbetween

geotechnical,hydraulic,and
structuralengineers.

In
m

any
cases,

the
services

of
outside

consultants
were

also
needed.

In
general,

all
bridges

underwentan
initialreview

ofexisting
inform

ation,w
hich

was
m

ainly
qualitative.

Bridges
that

were
clearly

stable
orunstable

were
coded

afterthis
process.

A
bridge

thatdisplayed
extensive

scourduring
a

field
inspection

could
be

coded
justas

easily
as

a
bridge

thatwas
founded

on
bedrock.

Forthose
bridges

determ
ined

to
be

scoursusceptible
(i.e.

theirvuhrerability
to

scour
was

notas
apparent),they

were
putthrough

a
fullLevel2

scour
analysis

or
som

e
abbreviated

analysis
(G

lem
i,2000).

Engineering
judgem

entwas
also

brought
into

the
analysis

as
flood

and
bridge

history
were

considered
along

w
ith

existing
data,

records,
and

reports.
For

exam
ple,

considerations
w

ould
be

m
ade

in
the

instance
where

a
bridge

was
detennined

to
be

scourcriticalfora
10-year

event,buthad
w

ithstood
tw

o
separate

50-yearevents.
Analysis

ofthe
bridge

fora
10-yearevent

m
ay

have
estim

ated
scorn"

depths
that

classify
the

bridge
as

scour
critical,

but
clearly

the
structure

did
not

fail.
Som

e
states

addressed
this

issue
by

adding
a

second
character

to
the

single-digitI113
code,w

hich
was

based
upon

a
m

odified
version

ofthe
M

aryland
State

H
ighw

ay
Adm

inistration
(M

SH
A)

113
rating

system
,

to
supplem

ent
the

I113
code

in
order

to
m

ore
realistically

describe
the

scoursusceptibility
ofa

bridge.
A

n
exam

ple
ofthis

is
described

below
:

“...a
single-span

bridge
w

hich
has

been
standing

for
50

years
m

ay
be

scour
critical,

solely
due

to
the

calculated
abutm

entscour.
Forsuch

a
bridge,we

m
ightselecta

M
S

H
A

rating
of

‘3A
’

w
hich

denotes
scour

critical,
but

w
ith

a
m

ild
scour

risk.”
(W

hitm
an

&
H

ow
ard,Inc.,1996)
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This
additional

character
in

the
code

can
also

be
useful

in
the

prioritization
of

bridges
for

rem
ediation.

O
ne

approach
to

conducting
bridge

scour
studies

is
discussed

in-depth
in

the
follow

ing
section.

C
O

M
P

A
R

A
TIV

E
SC

O
U

R
A

N
A

LY
S

IS

The
Corm

ecticutDepartm
entofTransportation

(C
O

N
N

D
O

T)initially
conducted

its
scour

evaluation
studies

in
generalaccordance

w
ith

the
aforem

entioned
procedures.

After
a

period
of

tim
e,

faced
w

ith
prohibitive

costs
and

a
large

num
ber

of
bridges

rem
aining

to
be

analyzed,
C

O
N

N
D

O
T,

along
w

ith
the

Federal
H

ighw
ay

Adm
inistration

(FH
W

A)
and

consultants,
developed

a
new

m
ethod

thatw
ould

provide
an

I113
code

w
ithoutrequiring

a
fullLevel2

scour
analysis.

This
new

m
ethod,called

the
com

parative
scouranalysis,utilized

the
results

ofprevious
Level2

scouranalyses
w

hile
generating

tim
e

and
costsavings

(C
H

A,1998).
Prior

to
the

introduction
ofthe

com
parative

scour
analysis,

approxim
ately

300
bridges

received
a

fullLevel2
scouranalysis,including

airI113
code.

A
tthis

point,C
O

N
N

D
O

T
took

a
step

back
from

their
scour

studies
and

decided
to

take
another

approach
for

the
rem

aining
bridges,w

hich
resulted

in
the

im
plem

entation
ofthe

com
parative

scouranalysis.
Itwas

decided
thatthe

1350
rem

aining
bridges

w
ould

be
placed

in
one

ofthree
categories:

(1)
Low

Risk,
(2)

Level2,
or

(3)
“advance

to
the

nextphase.”
Exam

ples
ofLow

R
isk

bridges
included

those
w

hich
were

a
box

culvertorthose
foim

ded
on

com
petentrock.

Level2
bridges

included,but
were

notlim
ited

to,those
thatwere

notconsidered
low

risk,
had

com
plex

hydraulics,
or

were
considered

very
im

portant,based
upon

traffic
volum

e,replacem
entcost,structure

size,etc.
The

purpose
ofthis

categorization
was

to
identify

those
structures

thatwere
clearly

stable
orunstable.

Any
bridge

not
placed

in
the

first
tw

o
categories

fell
into

the
“advance

to
the

next
phase”

category
(C

H
A,

1998).
The

susceptibility
to

scourwas
less

clearfor
the

bridges
placed

in
the

“advance
to

the
next

phase”
category.

These
bridges

were
candidates

for
either

a
Phase

Ill
or

Phase
IV

evaluation.
U

pon
com

pletion
ofan

office
review

and
site

visit,
a

bridge
could

eitherbe
coded

using
the

com
parative

analysis,recorm
nended

fora
fullLevel2

analysis,oradvance
to

the
next

phase
to

obtain
additional

inform
ation

(i.e.
structural

stability
analysis)

to
determ

ine
the

recom
m

ended
rating

w
ithoutneeding

a
fullLevel2

study.
A

structuralstability
analysis

w
ould

be
perform

ed
on

bridges
for

w
hich

predicted
scour

depths
were

calculated
to

be
w

ithin
the

spread
footing

or
pile

foundation
that

was
exposed,

but
not

com
pletely

underm
ined.

The
analysis

w
ould

address
concem

s
thatthe

bridge
w

ould
becom

e
unstable

due
to

the
calculated

scour
depths

and
stability

checks
w

ould
be

m
ade

to
ensure

m
inim

um
factors

of
safety

still
applied

for
bearing

pressure,
overturning,

and
sliding.

The
difference

between
Phase

III
and

Phase
IV

is
thatPhase

III
represented

the
validation

process
ofthe

com
parative

analysis
and

includes
bridges

w
hich

are
representative

ofthose
found

across
the

state.
Once

finalapproval
had

been
given

to
the

com
parative

process,
Phase

IV
was

initiated
and

the
rem

aining
bridges

were
evaluated

follow
ing

the
sam

e
procedure

(C
H

A,1998).
Those

bridges
thatwere

already
rated

using
the

Level2
analysis

served
as

the
group

of
rated

bridges
w

ith
w

hich
the

unrated
bridges

w
ould

be
com

pared.The
com

parative
analysis

was
purely

qualitative
in

nature,butitwas
stillused

to
provide

recom
m

endations
forthe

N
BIS

Item
113

rating
(Antoniak

and
Levesque,2000).
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In
order

to
justify

the
com

parison
of

tw
o

bridges,
one

rated
and

the
other

Lurrated,
prim

ary
and

secondary
criteria

had
to

be
m

et.
Prim

ary
criteria

were
considered

to
be

Single
vs.

M
ultiple

Span
and

Stream
Character

Category.
Secondary

criteria
were

listed
as

Estim
ated

Stream
Velocity,

Foundation
Type

(atAbutm
ents

and
Piers),

Ratio
ofthe

Upstream
Charm

el
W

idth
to

the
W

idth
of

the
Charm

el
Beneath

the
Bridge,

and
Angle

of
Attack.

A
valid

com
parison

m
andated

that,
at

the
very

least,
allprim

ary
criteria

were
m

et.
The

greater
the

num
berofsecondary

criteria
thatwere

m
et,the

closerthe
sim

ilarity
ofthe

tw
o

bridges
(C

H
A,

1998)

A
pplication

ofC
om

parative
Analysis

Although
the

com
parative

analysis
m

ay
not

be
applied

exactly
the

sam
e

way
should

anotherstate
adoptit,the

conceptcertainly
w

ould
stillbe

valid.
As

previously
m

entioned,I113
codes

have
been

assigned
to

m
ostofthe

bridges
w

ith
know

n
foturdations.

The
only

ones
that

rem
ain

are
bridges

thatare
uncoded

orreceived
a

tem
porary

code
due

to
unknow

n
foundations.

The
com

parative
analysis

m
ay

provide
incentive

to
states

that
m

ay
have

been
reluctant

to
determ

ine
the

foundations
ofbridges

thatare
currently

unknown,whether
they

do
so

through
borings,

geophysicalm
ethods,

orrecovered
plans.

W
hile

it
is

easy
and

inexpensive
to

code
a

bridge
w

ith
unknow

n
foundations

as
scour

critical
w

ithout
doing

airy
analysis,

initial
savings

could
be

lostifthatbridge
is

m
onitored

ata
laterdate.

Itw
ould

be
am

isuse
ofresources

to
place

a
m

onitor
on

or
near

a
bridge

thatwas
notscour

critical,
sim

ply
because

it
was

too
costly

to
detennine

the
form

dations
initially.

The
resources

should
only

be
applied

to
those

bridges
that

are
truly

scourcritical.
Perhaps

even
m

ore
im

portantly,the
com

parative
analysis

w
ould

allow
forinfonnation

to
be

shared
am

ong
states.

For
exam

ple,
a

database
or

web-based
system

containing
inform

ation
pertaining

to
rated

bridges
(fullLevel2

analyses)
in

Connecticutcould
be

accessed
to

find
a

bridge
w

hich
could

be
com

pared
w

ith
an

sim
ilarunrated

bridge
in

Verm
ont,assum

ing
the

proper
criteria

was
m

et.
Through

the
use

of
queries,

several
rated

bridges
could

be
pulled

up
for

possible
com

parison
ofthe

Lurrated
bridge.

Based
upon

a
review

ofthe
Level2

scourreports
for

the
rated

bridges,a
decision

w
illbe

m
ade

to
detennine

ifa
rating

can
be

recom
m

ended
using

the
com

parative
process.

Ifarating
cannotbe

m
ade,then

the
bridge

could
be

forwarded
to

a
Level2

orabbreviated
analysis.

O
nce

the
m

ostappropriate
bridge

is
selected

forthe
com

parison,using
engineering

judgm
ent,the

reportforthe
Level2

bridge,and
field

reports
forthe

im
rated

bridge,
an

appropriate
Item

I113
rating

w
illbe

reconnnended.
Itshould

be
noted

thatthe
com

parative
process

only
com

pares
Lurrated

bridges
w

ith
bridges

thathave
been

through
a

fullLevel2
scour

analysis.
A

bridge
thatreceived

a
rating

through
com

parative
analysis

carm
otbe

considered
a

rated
bridge

to
be

com
pared

w
ith

anotherrurrated
one.

There
are

som
e

conditions
thatshould

be
satisfied

ifthis
analysis

is
to

be
adopted

and
used

by
other

states.
First,

a
large

and
representative

group
ofbridges

m
ustbe

available
for

com
parison;

otherwise,
the

analysis
w

ould
be

lim
ited

in
its

scope.
States

m
ay

even
w

ish
to

develop
theirow

n
database

ofbridges
thatwere

rated
using

a
Level2

analysis
ifthey

feelthat
w

ould
betterrepresentthe

bridge
types

and
conditions

in
theirstate.

In
the

eventthatbridge
or

stream
conditions

drastically
changed,

a
bridge

could
be

reanalyzed
using

the
com

parative
analysis.

However,
ifthis

occurred
to

a
bridge

thatinitially
received

a
Level2

analysis,there
w

ould
be

tw
o

options.
It

could
be

placed
back

into
the

group
of

rated
bridges

used
for
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satisfied.
Through

the
integration

of
archival

and
real-tim

e
data,

and
the

selection
of

an
applicable

scourequation,predicted
scourdepths

w
illbe

calculated
in

real-tim
e

and
the

system
can

alertthe
userofapotentialbridge

failure
due

to
scourduring

an
event.

This
approach

w
ill

also
allow

scour
depths

calculated
from

different
equations

to
be

com
pared

and
perhaps

give
interested

parties
a

better
Lurderstanding

ofw
hich

scour
equations

w
ork

bestunder
certain

conditions.
If

actual
scour

depths
from

previous
storm

events
were

m
easured

in
the

field
and

stored
in

the
bridge

attributes
as

w
ell,then

these
depths

could
also

be
com

pared
w

ith
the

predicted
results.

The
SDSS

code
w

ill
be

w
ritten

in
Sun

M
icrosystem

s
Java

1.2
for

the
m

odel.
Java

is
platform

independent,w
hich

is
due

to
the

application
ofthe

conceptofa
virtualm

achine.
The

virtualm
achine

allow
s

forlow
-leveloperating

system
im

plem
entation

to
be

separated
from

high-
levelcoding.

Java
was

selected
for

the
approach

as
a

result
ofits

algorithm
ic

flexibility,
its

ability
to

be
accessed

from
the

web
by

allparties,and
the

fam
iliarity

ofthe
authors

w
ith

it(M
iles

etal,1999).

G
R

A
P

H
IC

A
L

U
S

E
R

IN
T

E
R

F
A

C
E

C
O

M
P

O
N

E
N

TS

The
graphicaluserinterface

(G
U

I)
com

ponents
serves

the
purpose

ofm
aking

the
system

m
ore

user-friendly.
Itdoes

this
by

m
asking

the
com

plexity
ofthe

usertasks
and

the
differences

between
the

nrunerous
underlying

com
ponents.

Through
direct-m

anipulation,
the

G
U

I
w

ill
include

severalcom
ponents

for
use

in
m

anaging
spatialdata

requirem
ents

(inputparam
eters),

m
odelconfiguration

(algorithm
s),and

analysis
output(M

iles
etal,

1999).
D

irect-m
anipulation

refers
to

perform
ing

com
puting

tasks
through

physical
action

instead
of

syntax.
Several

advantages
of

direct-m
airipulation

are
cited

by
Schneiderm

an
(1988),

such
as

control-display
com

patibility,reduced
errorrates,fasterlearning,longerretention,and

m
ore

userexplanation.
The

G
U

I
w

illbe
based

upon
a

tree
m

odel,
w

hich
w

illbe
fam

iliar
and

com
fortable

for
m

ostusers.
Its

structure
w

ill
not

only
aid

in
the

tm
derstanding

ofinform
ation

such
as

m
odel

configuration
and

input
param

eters,
but

also
in

the
structure

of
the

infonnation
in

term
s

of
organization

and
relation.

The
flexibility

ofthe
tree

w
illalso

pennitm
odification

ofspatialdata
param

eters,such
as

in
the

instance
where

a
m

odelcom
ponentis

added
orchanged

(M
iles

etal,
1999).

The
three

com
ponents

ofthe
G

U
Iinclude

the
SpatialData

M
anager,the

M
odelM

anager,
and

the
O

utputM
anager.

The
SpatialData

M
anagerw

illcontain
allspatialdata

requirem
ents,

w
hich

w
illbe

represented
by

branches
ofthe

tree
in

the
G

U
I.

The
M

odelM
anagerw

illlistallof
the

m
odels

(algorithm
s)

thatcan
be

selected
for

analysis,pennit
editing

ofm
odelparam

eters,
and

perfonn
the

analysis
through

direct-m
anipulation.

The
O

utputM
anagerw

illhave
the

sam
e

configuration
as

the
SpatialData

M
anager,exceptthatitw

illorganize
and

presentthe
results

of
the

analysis
(M

iles
etal,

1999).
A

flow
chartis

shown
in

Figure
1

to
provide

a
visualreference

ofthe
system

com
ponents:
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Fig.1.
Proposed

system
architecture
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A
TE

G
Y

Engineering
Application

Som
e

stateshave
expressed

theirsatisfaction
w

ith
the

scourcodes
they

assigned
using

the
H

EC
-18

scour
equations.

They
understand

thatthe
equations

can
be

overly
conservative,

but
they

feelthe
requirem

ents
thatwere

established
by

the
FH

W
A

regarding
scour

analyses
have

been
m

et
(Nardone,

2000).
O

ther
states

have
indicated

their
interest

in
identifying

new
equations

thatcould
m

ore
accurately

predictm
easured

scourdepths
in

the
field.

The
application

ofnew
equations

ca.n
notonly

provide
betterestim

ates
ofscourdepth,butcould

also
reduce

the
num

ber
ofbridges

determ
ined

to
be

scour
critical

(Antoniak
and

Levesque,
2000).

Revising
codes

for
bridges

that
were

initially
coded

as
scour

critical
could

significantly
im

pact
the

allocation
of

new
m

onitoring
devices,

the
routing

of
traffic

during
an

evacuation,
and

the
prioritization

ofbridges
forrem

ediation.
Connecticuthas

already
taken

this
initiative

ofadopting
new

equations
by

am
ending

the
localabutm

entscourequation
by

Froehlich,as
presented

in
H

EC
-18,Third

Edition.
The

current
fonnula

is
as

follow
s:

0.43
1

If,/Y,,=2.27KK
5

Fr°"”+1
(1)

1
2

Y
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where

K1
=

coefficientforabutm
entshape

(See
Table

6,Section
4.3.6

in
HEC-18

Third
Ed.,

dated
N

ov.95)
K2

=
coefficientforangle

ofem
bankm

entto
flow

(Referto
Section

4.3.6,Figure
16

in
H

EC
-18,Third

Ed.,dated
N

ov.95)
L1

=
the

length
ofabutm

entprojected
norm

alto
flow

Ya
=

average
depth

offlow
in

the
floodplain

=
A

,/a’
A

,=
the

flow
area

ofthe
approach

cross
section

obstructed
by

the
em

bankm
ent

Fr=
the

Froude
num

ber=
V

J
(g

ya)°'5
V

e
=

Q
e
/

A
c

Q
,=

the
flow

obstructed
by

the
abutm

entand
approach

em
bankinents

Y,=
scourdepth

C
O

N
N

D
O

T
reported

thatthe
+1

value
was

initially
intended

as
a

factorofsafety,butwas
notin

Froehlich’s
originalpaper.

This
value

increases
the

predicted
scour

depth
by

the
depth

ofthe
overbank

flow
.

Based
upon

the
conservative

nature
ofthe

equation
based

upon
laboratory

data
w

ith
regard

to
actualfield

data,C
O

N
N

D
O

T,afterconsulting
w

ith
researchers,chose

to
replace

the
+1

value
w

ith
a

value
of+0.05

and
reanalyze

theirbridges
using

this
revised

equation.
The

predicted
scour

depth
is

now
referred

to
as

the
am

ended
scour

depth
(C

O
N

N
D

O
T,

1999).
Therefore,the

am
ended

localabutm
entscourequation

is:

I
0.43

Y/Y
=2.27KK

5
Fr°"”+0.05

(2)
s

a
I

2
Y

In
the

eventthata
new

equation
is

developed
or

m
odified,

such
as

the
one

presented
above,

it
could

very
easily

be
added

as
a

m
odel.

For
this

equation,
no

additionalspatialdata
requirem

ents
w

ould
be

necessary,
but

an
additionalbranch

ofthe
tree

w
ould

be
added

to
the

M
odel

M
anager.

A
flow

chart
representing

the
system

architecture
for

the
engineering

application
is

shown
below

in
Figure

2:
.
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Flow
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The
outputw

ould
contain,

am
ong

other
things,the

calculated
value

ofY5.
Instead

of
going

back
through

allofthe
scour

criticalbridge
files

in
orderto

recalculate
predicted

scour
depths

using
the

new
m

odel,the
scouranalysis

can
im

m
ediately

be
conducted

through
the

G
U

I.
The

new
results

can
then

be
com

pared
w

ith
scourdepth

results
using

existing
m

odels.
The

m
ore

m
odels

thatare
available

for
analysis,the

m
ore

inform
ed

D
O

T
officials

w
illbe

regarding
the

scoursusceptibility
ofabridge.

Com
parative

Application

Algorithm
s

such
asthe

Com
parative

SCOUIAnalysis
could

also
be

introduced
and

used
in

the
web-based

approach.
The

spatialdata,w
hich

contains
the

bridge
attributes,w

ould
have

to
include

the
prim

ary
and

secondary
criteria

established
forthe

rated
bridges.

Q
ueries

could
be

used
to

identify
rated

bridges
thatare

sim
ilarto

unrated
bridges

according
to

m
atching

criteria.
From

the
com

parison,
approxim

ate
scorn‘depth

values
can

be
estim

ated
for

the
turrated

bridge
from

the
rated

bridge.
Therefore,ifflow

s
atthe

structure
evaluated

by
the

com
parative

analysis
approach

m
agnitudes

sim
ilarto

criticalflow
s

forthe
rated

bridge,the
system

can
w

arn
the

user
ofthe

potentialhazard.
A

flow
chartrepresenting

this
application

is
shown

in
Figure

3:
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Connecticutplans
on

using
the

revised
abutm

entequation
to

reevaluate
the

300
rated

(full
Level2

scouranalysis)bridges
thatserved

as
the

sam
ple

ofbridges
w

ith
w

hich
unrated

bridges
were

com
pared.

The
state’s

goalis
to

reduce
the

num
berofscourcriticalnrunberofbridges

and
itis

hoped
thatthe

revised
equation

can
predictm

ore
accurate

aird
less

conservative
scourdepths

(C
O

N
N

D
O

T,
1999).8Changes

in
the

results
ofthe

Level2
bridge

scouranalyses
w

ould
im

pact
the

ratings
ofthose

bridges
thatwere

rated
using

the
Com

parative
Analysis.

The
versatility

of
the

system
w

ould
allow

the
user

to
im

m
ediately

im
plem

ent
the

new
equation

and
begin

calculating
revised

real-tim
e

scour
depths

for
the

Level
2

bridges.
By

having
critical

flow
s

stored
w

ithin
the

spatialdata,
new

scour
depths

could
also

be
com

puted
or

even
updated

for
criticalfloods

(e.g.overtopping,
100

year,500
year).

Ifthe
results

ofthe
analysis

ofa
Level2

bridge
were

changed,then
the

Com
parative

Analysis
could

be
rerturto

ensure
thatbridges

rated
using

this
procedure

were
stillcom

pared
w

ith
sim

ilarrated
bridges.

Itw
ould

be
easy

and
quick

to
m

ake
any

m
odifications

w
ithin

the
system

.
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C
reation

of
Coverages

ofExisting
M

onitoring
System

s
in

G
IS

O
nce

the
sources

ofhydrologic
data

are
docum

ented,the
location

ofexisting
m

onitoring
system

s
w

illbe
identified

(e.g.DEP
rain

gages,USG
S

stream
gages,and

bridge
scoru

m
onitors).

A
geographicalinform

ation
system

(G
IS)w

illthen
be

established
to

catalog
the

attributes
ofthe

m
onitoring

system
s.

One
layer

w
illbe

created
thatcontains

the
location

and
attributes

ofthe
existing

m
onitoring

system
s.

This
layerw

illbe
overlain

by
anotherone

containing
the

location
ofscourcriticalbridges

(those
w

ith
an

I113
code

of3
or

less),as
reported

by
the

state
DO

Ts.
Gaps

in
the

coverage
w

illbe
identified

where
existing

m
onitoring

system
s

do
notoverlap

regions
in

w
hich

scourcriticalbridges
are

located
(N

ardone,2000).
Installing

m
onitoring

devices
on

all
of

the
bridges

w
ould

be
preferable,

but
budget

constraints
prevent

this.
Instead,

a
better

turderstanding
ofthe

spatialorientation
ofourm

onitoring
system

s
w

illaid
in

the
allocation

of
additionaldevices,whetheritm

ay
be

stream
gages,rain

gages,or
bridge

scorn
m

onitors.
This

furtherreinforces
the

idea
thatim

know
n

foundations
m

ustbe
detennined.

O
therwise,m

onitoring
devices

m
ay

be
installed

in
places

where
they

are
notnecessarily

needed.
M

oney
w

illhave
to

be
spentup

frontto
detennine

unknown
foundations,

butsom
e

ofthatm
oney

could
be

recouped
through

a
betterdistribution

ofnew
gages

and
new

m
onitors.

C
reation

ofBridge
ScourAction

Plans

A
Bridge

Scour
Action

Plan
(BSAP)

was
originally

developed
for

M
assachusetts

that
w

ould
have

prioritized
the

im
plem

entation
ofactions

outlined
in

the
plan

based
upon

the
costof

a
bridge

replacem
entalong

w
ith

the
structure’s

vulnerability
to

scour.
Each

bridge
was

to
have

had
a

BSAP
thatidentified

those
officials

responsible
for

m
onitoring

or
closing

the
bridge

as
w

ellas
infonnation

regarding
the

location
and

elevation
ofthe

foundations
and

the
criticalscour

elevation.
This

plan,
however,

never
was

put
into

effect.
The

state
cancelled

rem
ediation

projects
due

to
a

lack
offtuids

and
w

hile
it

has
been

discussed,
the

Em
ergency

M
anagem

ent
Service

(EM
S)

has
no

form
al

em
ergency

procedure
for

closing
bridges

during
a

flood
event

(Nardone,2000).
The

developm
entofBridge

ScourAction
Plans,sim

ilarto
those

originally
proposed

for
M

assachusetts,
is

highly
recom

m
ended

for
all

scour
critical

bridges.
According

to
the

N
BIS

program
,allbridges

in
a

state
m

ustbe
given

an
I113

code.
The

problem
exists

in
thatnotallof

the
bridges

are
owned

and
m

aintained
by

the
state

D
O

T.
G

enerally
speaking,forbridges

owned
by

localm
unicipalities

that
were

identified
as

scour
critical,

a
letter

is
sent

out
to

notify
the

owner
ofthe

bridge
as

to
the

condition
of

the
bridge

and
the

scour
critical

determ
ination.

Recom
m

endations
for

repair
or

coiurterm
easures

m
ay

also
be

included
(Nardone,

2000).
However,

for
sm

alltowns
where

there
is

no
engineer

or
the

ow
ner

does
nothave

a
technical

backgrorm
d,

the
findings

in
the

letter
m

ay
notreceive

proper
consideration,

especially
if

it
is

only
distributed

once.
Five

orten
years

dow
n

the
road,the

initialletterm
ay

notbe
rem

em
bered.

Anotherproblem
thatcould

arise
is

the
repair

ofthe
bridge

is
the

responsibility
ofthe

owner.
Localm

tuiicipalities,even
afterreceiving

the
findings

ofthe
scouranalysis

fortheirbridge,m
ay

notdecide
to

im
plem

enta
rem

ediation
program

,whetheritis
due

to
costortheircontention

that
the

predicted
scourdepths

are
extrem

ely
conservative.

Itw
ould

be
prudentto

m
ove

allbridges
underthe

jtuisdiction
ofthe

state
D

O
T.

The
D

O
T

is
the

agency
responsible

for
inspecting

and
m

onitoring
bridges

and
it

seems
naive

to
have

the
agency

perform
allofthe

analyses,butnot
allow

them
to

install
corrective

m
easures

even
though

the
D

O
T

is
m

ost
fam

iliar
w

ith
the
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problem
.

Regardless
ofwhose

jiuisdiction
the

repair
ofthe

bridge
fell

under,
by

having
an

action
plan

in
place,an

active
response

is
prepared

and
ready

in
case

ofa
flood

event.

C
O

N
C

LU
S

IO
N

S

D
ifficulties

w
ith

currentscouranalyses
are

tim
e

consruning
and

costly.
One

problem
is

thatinform
ation

needed
forthe

analyses
is

notalways
centralized

oreasily
accessible.

In
som

e
cases,severaloutside

consultants
were

used
by

state
D

O
Ts

to
conductLevel2

scouranalyses.
This

m
akes

itdifficultto
consolidate

and
organize

inform
ation.

Anotherproblem
is

thatcurrent
analyses

are
unable

to
respond

inrrnediately
to

changing
bridge

orstream
conditions.

In
addition,

new
orrevised

scourequations
thatare

introduced
in

the
literature

w
ould

require
a

greatdealof
effort

for
DO

Ts
to

rerun
the

scour
analyses.

The
I-IEC-18

equations
are

know
n

for
their

conservative
results

in
som

e
instances.

Som
e

states
do

not
have

the
resources

to
perform

additionalanalyses.
O

thers
m

ay
be

contentw
ith

theircurrentItem
I113

codes
since

the
HEC-18

equations
are

conservative
to

begin
w

ith
and

there
is

no
incentive

forthem
to

do
the

analyses
again.

The
developm

entofthe
strategy

ofa
real-tim

e
scourm

onitoring
system

w
ould

provide
state

and
localofficials

w
ith

an
altem

ative
m

ethod
to

evaluating
bridge

scour.
The

advantages
of

this
are

num
erous,w

ith
the

versatility
ofthe

approach
being

the
bestadvantage.

The
approach

provides
a

m
echanism

for
estim

ating
bridge

scour
autom

atically
in

real-tim
e.

The
data

is
centralized

and
very

accessible
aird

the
interface

is
user-friendly.

Analyses
can

be
perform

ed
quickly

and
atthe

user’s
discretion.

A
particularm

odelm
ightnotbe

a
very

good
one,butitis

the
responsibility

ofthe
user(s)to

decide
w

hich
m

odels
are

suitable
fortheirpurposes.

M
ultiple

algorithm
s,whetheritbe

m
odels

oranalyses
like

the
Com

parative
ScourAnalysis,could

be
used

for
analysis,instead

ofjust
one

or
tw

o.
There

is
a

greatdealofflexibility
when

adding
new

m
odels

and
the

results
ofthese

m
odels

can
be

com
pared

very
easily.

D
O

Ts
that

m
ay

have
initially

shied
away

from
perform

ing
additional

or
new

scour
analyses

w
ould

now
have

the
ability

to
do

so
ata

m
uch

sm
allercost.

The
m

ore
pro-active

D
O

Ts
are

when
dealing

w
ith

scour,
the

greater
the

benefit
to

them
selves

and
society

as
a

whole.
In

the
m

eantim
e,

gaps
in

the
existing

coverage
where

scour
criticalbridges

are
notoverlain

by
stream

gages,rain
gages,or

bridge
m

onitors
should

be
identified

so
thatresources

can
be

allocated
m

ore
appropriately.

The
im

plem
entation

of
this

strategy
could

ultim
ately

aid
in

the
im

proved
identification

of
and

response
to

scourcriticalbridgesjeopardized
by

a
potentially

destructive
storm

event.
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Recentlaboratory
experim

ents
reported

thatcable-tied
blocks

perform
excellently

am
ong

m
any

counterm
easures

for
local

scour
around

the
bridge

piers.
G

-blocks
are

concrete
blocks

being
placed

aroturd
the

bridge
piers

in
orderto

protectthe
channelbed

from
local

scour.
The

slnface
of

G
-blocks

is
m

ade
uneven

w
ith

Lurifonn
roughness

height
to

increase
friction.

For
G

-blocks
to

perform
their

role
successfully,

the
roughness

should
notbe

significantly
differentfrom

thatofnaturalchannels.O
therwise

they
w

ill
cause

serious
problem

s
oflocalerosions.

Furthennore,they
should

be
safe

againstthe
flow

force.Ifthey
are

m
oved

by
the

flow
,they

w
illnotonly

be
invalid

for
bed

protection
butalso

m
ake

adverse
effects

on
the

channelconveyance.In
this

paper,
hydraulic

properties
of

G
-blocks

are
investigated

through
laboratory

experim
ents.

Flum
e

experim
ents

indicate
that

both
logarithm

ic
and

pow
er

laws
can

be
applied

to
interm

ediate-scale
roughness

by
G

-blocks,and
thatthe

roughness
characteristics

ofG
-

blocks
are

sim
ilarto

those
ofnaturalchannels.Itis

also
shown

thatthe
resistance

by
G

-
blocks

changes
depending

upon
the

placem
entangle

ofthe
roughness

elem
ents

to
the

flow
direction.Furtherm

ore,the
criticalw

eightofG
-blocks

required
to

withstand
strong

current
is

estim
ated

in
term

s
ofm

ean
velocity

for
an

individual
block

and
m

at-type
blocks.

IN
T

R
O

D
U

C
T

IO
N

Flow
s

tend
to

accelerate
when

they
have

to
circum

venta
longerpath

com
pared

to
their

neighbors.
This

results
in

local
scour

around
the

bridge
piers,

piles,
and

other
hydraulic

structures
constructed

in
water

course.
M

any
counterm

easures
have

been
devised

forthe
rem

edy
oflocalscorn:

Exam
ples

are
riprap,

gabion,
cable-tied

blocks,
sacrificialpile,

and
collar.

They
are

either
arm

oring
or

flow
-altering

counterm
easure.

Am
ong

these,ripraps
have

been
the

m
ostcom

m
on

choice
because

ofthe
long

design
experience.

However,
supplying

ripraps
for

protection
against

scour
becom

es
pessim

istic
in

the
future.

Big
stones

for
guaranteed

use
are

being
exhausted

and
environm

ental
regulations

m
ake

the
use

ofripraps
m

ore
difiicultthan

ever.Furtherm
ore,itis

true
that

ripraps
have

been
the

m
ost

com
m

on
choice

but
not

the
best

choice.
Engineers

have

IProfessor,Departm
entofC

ivilEngineering,YonseiU
niversity,Seoul,120-749,Korea

2PostdoctoralResearcher,Departm
entofC

ivilEngineering,YonseiU
niversity,Seoul,120-749,Korea
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believed
that

there
should

be
a

m
ore

effective
counterm

easure
than

ripraps.
This

encourages
engineers

to
search

altem
atives

to
ripraps.

Recentexperim
ents

by
Parkeretal.(1998)

showed
thatcable-tied

blocks
provide

outstanding
protection

for
the

bridge
piers

from
local

scour
am

ong
various

counterm
easures.

Their
advantages

include
flexibility,

ability
to

w
ithstand

strong
current,a

pre-attached
geotextile,resistance

to
ice,and

costcom
petitiveness

(Parkeret
al.,

1998).
Although

the
use

of
cable-tied

concrete
blocks

is
a

relatively
advanced

technique,few
attem

pts
were

m
ade

regarding
hydraulic

properties
ofthose

blocks.

Experim
ents

by
Jones

etal.(1995)indicate
thatthere

are
tw

o
failure

m
odes

in
the

blocks
paved

on
the

channelbottom
.The

firstis
by

overturning
ofblocks

located
atthe

leading
edge

and
the

second
is

by
uplifting

of
inner

blocks.
In

the
light

of
their

experim
entalresults,the

follow
ings

can
be

suggested:First,itis
im

portantto
m

aintain
the

roughness
ofthe

block-paved
bed

sim
ilar

to
that

ofnatural
channels

in
order

to
preventsevere

localerosion
atthe

leading
and

tailing
edges.This

w
illreduce

the
chance

offailure
ofthe

first-type
m

ode.
Secondly,

the
block

should
be

heavier
enough

to
withstand

the
severe

flow
safely.The

only
resisting

force
ofthe

block
(eithersingle

or
m

at-type)againstthe
flow

forces
com

es
from

its
(ortheir)subm

erged
weight.

In
the

present
paper,

basic
laboratory

experim
ents

are
introduced

to
study

hydraulic
properties

of
cable-tied

blocks.
Flow

resistance
relationships

such
as

logarithm
ic

and
power

laws
are

applied
to

block-paved
open-charm

elflow
s,

and
their

validity
is

investigated.
Values

ofM
anning’s

roughness
coefficient

are
estim

ated,
and

they
are

com
pared

w
ith

the
roughness

ofnaturalchanneland
the

roughness
by

ripraps.
Finally,the

criticalw
eightofthe

block
is

obtained
notto

m
ake

a
m

otion
when

the
block

is
exposed

to
strong

flow
s.

F
LO

W
-R

E
S

IS
T

A
N

C
E

R
E

LA
T

IO
N

S

For
fully-developed

turbulent
open-charm

el
flow

s
w

ith
interm

ediate-scale
resistance,the

logarithm
ic

or
pow

er
law

equation
is

know
n

to
be

appropriate
for

the
m

ean
velocity.The

logarithm
ic

equation
due

to
Keulegan

(1938)has
the

form
of

U
1

R
—

—
=—

1
—

1
U

.
tr

O
gkshg

()

where
U

=
m

ean
velocity,

U
.

=
shearvelocity,

R
=

hydraulic
radius,

ks
=

roughness
height,

7c=
von

Karm
an

constant(=
0.41),and

,6
=

constant.In
the

problem
athand,

the
characteristic

roughness
height(ks)in

eq.(1)characterizes
notonly

the
heightofthe

roughness
elem

ents
but

also
their

orientation
to

the
flow

,
geom

etric
aligm

nent,
and

spacing.
M

any
relationships

for
ks

corresponding
to

various
bed

m
aterials

have
been

proposed
(G

rifiiths,
1981;

Aguirre-Pe
And

Fuentes,
1990;M

aynord,
1991;

Ferro
and

G
iordano,1991).By

replacing
ks

w
ith

the
heightofroughness

elem
ents

D
and

by
using

Darcy-W
eisbach

form
ula,eq.(1)is

rew
ritten

in
the

form
of
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In
all

ctu've
fittings,

negligible
absolute

average
deviations

are
obtained,

indicating
that

both
logarithm

ic
and

power
laws

are
valid

to
describe

resistance
of

block-paved
open-channelflow

s.

W
ith

the
help

of
eq.(4),

values
of

M
anning’s

roughness
coefficient

n
are

converted
from

f
,and

they
are

plotted
againstdischarge

perunitw
idth

in
Figure

4.It
appears

that
G3

blocks
produce

the
highest

and
the

low
est

roughness
when

the
roughness

elem
ents

are
placed

norm
aland

parallelto
the

flow
direction,

respectively.
This

conform
s

to
the

previous
figure.

In
the

figure,
values

of
M

anning’s
rt

range
between

0.011-0.022,
w

hich
corresponds

to
values

of0.016-0.031
for

prototype.
This

suggests
thatoverallroughness

by
G

-Blocks
is

less
than

the
roughness

by
riprap

ranging
0.032-0.036

(M
aynord,

1991).
Also,

roughness
provided

by
G

-blocks
is

not
significantly

differentfrom
thatofnaturalchannels.

In
the

design
practice

ofblocks,the
conceptofperm

issible
shear

stress
can

be
used.

That
is,

the
shear

stress
by

the
design

flow
should

not
exceed

the
perm

issible
shearstress

ofthe
blocks.

Figure
5

depicts
the

change
ofbed

shear
stress

w
ith

m
ean

velocity.In
the

figure,a
linearrelationship

between
bed

shearstress
and

m
ean

velocity
is

observed
m

ainly
due

to
non-constantvalues

of
Cf.

For
G3P,the

perm
issible

shear

stress
is

estim
ated

to
be

l70—
240

kg/m2
by

assm
ning

Coulom
b

friction
coefficientof

,u
=

0.8.
However,the

perm
issible

shearstress
ofripraps

w
ith

diam
eter

of
15-30

cm
rangesbetween9.76-19.53kg/m2

(ASCE
andWEF,1992).ThisindicatesthatG-

blocks
are

m
uch

saferfrom
m

ovem
entbythe

flow
force

than
ripraps.

In
Figure

6,the
criticalw

eightofthe
block

versus
m

ean
flow

velocity
is

plotted.
Here,the

criticalw
eightis

defm
ed

by
the

w
eightrequired

to
resistflow

forces.First,a
m

attype
installation,where

blocks
are

shacked
by

U
-bolt,is

considered.The
totalshear

force
is

calculated
by

using
eq.(5),and

a
value

ofCoulom
b

friction
coefficientof

,u
=

0.8
is

assum
ed.

The
second

case
considered

is
for

a
single

block.
Values

of
drag

coefficientof0.80
and

liftcoefficientof0.25,from
the

hexahedron
(Naudascher,

1991)
are

used
in

accounting
forthe

m
obility

ofa
single

block.Resulting
criticalweights

of
m

at-type
and

single
block

are
given

as
a

ftm
ction

ofm
ean

velocity
in

Figure
7.In

the
figure,the

lastletterS
and

M
in

the
legend

denote
single

and
m

at-type,respectively.It
is

observed
thatblocks

w
ithstand

the
flow

betterwhen
they

are
tied

together,and
that

cleardifference
between

tw
o

criticalweights
is

seen.

C
O

N
C

LU
SIO

N
S

Laboratory
experim

ents
were

carried
outto

investigate
hydraulic

properties
o
fG

-
blocks

forbed
protection

againstlocalscouraround
bridge

piers.Ithas
been

shown
that

both
logarithm

ic
and

pow
erlaws

are
appropriate

forintennediate-scale
roughness

by
G

-
blocks.

Roughness
of

the
channel

bed
paved

by
G

-block
did

not
show

significant
difference

com
pared

w
ith

that
of

natural
channels.

The
perm

issible
shear

stress
estim

ated
from

the
experim

ents
revealed

that
G

-blocks
are

m
uch

safer
fiom

the
transport

by
the

flow
than

ripraps.
Finally,

the
critical

w
eight

needed
to

resist
flow

forces
were

calculated
fora

single
block

and
m

at-type
blocks.
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The
problem

of
scour

has
caused

m
any

bridge
failures

and,
therefore,

needs
to

be
prevented

by
suitable

corm
term

easures.
Several

m
ethods

have
been

suggested
for

the
prevention

ofscour.
They

are
based

on
m

odelstudies
forthe

protection
ofem

bankrnents
and

piers
from

undem
iining

by
scour.

Riprap
arrests

the
progress

ofthe
erosive

cycle.
W

alls
of

riverbanks
are

protected,in
som

e
cases,by

gabions.
Sim

ilarly,spurdikes
and

m
attresses

of
bam

boo
sticks

are
also

successfully
used

for
preventing

scour.
The

paper
discusses

the
problem

ofscourand
differentcounterm

easures
in

detail.

IN
T

R
O

D
U

C
T

IO
N

Scouris
a

serious
problem

to
com

batw
ith

in
bridge

engineering,
as

it
has

been
the

m
ajorcause

offailure
ofm

ostofthe
bridges.

Scouris
a

naturalphenom
enon

in
w

hich
soil

particles
are

rem
oved

from
their

environm
entby

m
oving

water.
Because

ofthis
continuous

rem
ovalofsoil,bridge

piers
and

abutm
ents

are
subjected

to
underm

ining
(Terzaghi,

1936).

S
C

O
U

R
C

H
A

R
A

C
T

E
R

IS
T

IC
S

Three
types

ofscourhave
been

recognized.
The

firstform
ofscour(Lane

etal,1954)
takes

place
as

a
resultofflooding.

This
causes

suspension
ofm

aterialin
the

riverbed.
The

velocity
ofwater

increases,thereby
increasing

the
erosive

capacity.
Solid

particles
w

illbe
lifted

and
m

oved
and

suspended
when

the
flow

returns
to

norm
al.

This
type

ofscour,called
generalscour,is

particularly
greatwhere

the
channelis

narrow
.

Bridge
piers

are
generally

founded
below

the
depth

ofgeneralscour.

The
second

form
of

scour,
called

local
scour,

is
caused

by
the

presence
of

som
e

obstruction
to

the
stream

such
as

a
pier.

W
ithin

the
proxim

ity
ofthe

pier
the

flow
pattem

changes,becom
es

turbulentand
erodes

the
soil.

This
localized

scorn
(Laursen

etal,
1956)is

ofgreaterintensity
and

acceleration,and
is

a
function

ofvelocity
offlow

,shape
ofthe

pier
etc.

The
third

form
ofscour

is
bank

scour
w

hich
occurs

due
to

lateralbending
ofthe

channel.
W

aterstrikes
the

outerside
ofthe

bend
and

erodes
the

m
aterial.

The
inside

ofthe
bank

is
filled

w
ith

the
eroded

sands
and

silts.
The

foundations
ofany

structure
placed

adjacentto
the

outside
ofabend

m
ustbe

protected.
 ‘D

r.B.R
.Phani

Kum
ar,

Departm
ent

of
C

ivil
Engineering,

JN
TU

College
of

Engineering,
Kakinada-533

003,IN
D
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The
differentcharacteristics

ofscour
are

a
function

ofthe
relationship

between
the

solid
m

aterialand
the

capacity
ofthe

riverto
rem

ove
it.

The
erosive

capacity
depends

on
the

flow
velocity

w
hich,

in
turn,

depends
on

the
hydraulic

characteristics
of

the
river,

the
intensity

ofthe
flood

and
the

characteristics
ofthe

m
aterialin

the
riverbed.

The
resistance

of
the

bed
m

aterial
to

erosion
m

ay
not

be
often

satisfactorily
characterized

in
term

s
of

its
properties

like
dry

Lm
itw

eight
in

case
of

cohesive
soils

and
average

diam
eter

in
case

of
cohesionless

soils.
Hence,

there
is

a
need

to
depend

on
the

real
observations

and,
accordingly,resortto

preventive
m

easures.

C
O

U
N

TE
R

M
E

A
S

U
R

E
S

Various
counterm

easures
to

scorn"
have

been
suggested

and
practiced.

They
have

been
found

to
show

satisfactory
perform

ance
in

protecting
em

bankm
ents

and
piers.

A
discussion

ofdifferentm
easures

forpreventing
scourfollow

s:

Riprap
orcoarse

rock
fillis

one
ofthe

m
ostw

idely
used

protection
m

easrues
(Searcy,

1967).
G

enerally,
a

filter
is

placed
between

the
riprap

and
the

naturalground
in

order
to

preventthe
finersoilfrom

clogging
the

void
space

ofthe
riprap.

By
using

riprap
the

progress
ofthe

erosive
cycle

is
stopped

and
the

hydraulic
area

ofthe
channelis

notreduced.

In
som

e
places

where
coarse

rock
for

riprap
is

not
available

gabions
w

ill
be

used.
G

abions
are

w
ire

baskets
filled

w
ith

gravelor
coarse

aggregate.
They

are
stacked

to
form

bank
protection

walls.
Ifcoarse

aggregate
is

notavailable,
stacks

ofcloth
bags

filled
w

ith
sand

a.nd
cem

entare
used

for
protecting

the
w

alls
ofbanks.

G
abions

are
quite

effective
in

controlling
scour.

Anotherpreventive
m

easure
forscouris

the
use

ofm
attresses

forbank
protection.

It
is

the
one

ofthe
oldest

practices.
These

m
attresses

consist
ofwoven

sticks
ofw

ood
or

bam
boo.

Som
etim

es,concrete
slabs

are
also

used
asm

attresses.

The
structures

em
ployed

for
diverting

the
high

velocity
flow

from
reaching

the
bank

are
called

spurdikes
w

hich
have

been
found

to
give

excellentresults.
They

are
em

bedded
in

the
river

bank
and

extend
into

the
channel.

Their
design

is
a

fim
ction

ofriver
geom

etry,
length

ofthe
dikes

and
spacing

between
the

dikes.
Ifthe

spurdikes
are

builtw
ith

theirtops
sloping

down
towards

the
centerofthe

river,
localscourarotm

d
the

end
ofthe

dike
can

be
reduced.

C
O

N
C

LU
S

IO
N

M
any

bridges
have

been
investigated

to
faildue

to
tm

derm
ining

by
scour.

Localized
scour

in
the

proxim
ity

ofany
obstruction

like
a

pier
is

ofquick
progress.

Scour
can

be
prevented

by
differentcounterm

easures.
R

iprap
w

ith
a

filterreduces
the

progress
oferosive

cycle.
G

abions
and

m
attresses

m
ade

ofw
ood

orconcrete
slabs

protectw
alls

ofriverbanks.
Spurdikes

arrestlocalscour.
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SHEAR
STRESS

CO
NCEPT

IN
G

RANULAR
FILTERS

By

GijsJ.C.M.Hoffmans‘,HenkdenAdel-2andHenkJ.Verheij3

A
B

S
TR

A
C

T

Scouris
a

naturalphenom
enon

caused
by

the
flow

ofwaterin
rivers

and
stream

s
and

occurs
as

a
partofthe

m
orphologicalchanges

caused
by

rivers
or

as
a

resultofm
an-m

ade
structures.

For
the

D
utch

D
elta

W
orks

hydraulic
structures

were
often

constructed
on

fines
w

ith
loose

packing.To
guarantee

the
geoteclm

icalstability
ofthese

structures
the

bed
in

their
im

m
ediate

vicinity
had

to
be

protected.
Though

several
types

of
bed

protection
can

be
distinguished,

for
exam

ple
concrete

blocks,
asphalt,

and
granular

filters
(w

ith
or

w
ithout

geotextiles)
the

scope
of

this
paper

is
lim

ited
to

granular
filters.

In
the

Netherlands
geom

etrically
sand-tight

filters
are

usually
used.

The
stability

of
these

filters
is

m
ainly

determ
ined

by
the

geom
etricalproperties

ofthe
m

aterials.
Consequently,these

classicalfilters
w

ith
nturrerous

layers
are

very
expensive.

In
this

study
a

m
odel

relation
for

sizing
a

geom
etrically

open
granularfilteris

discussed.O
urgoalis

to
prom

ote
discussion

than
ratherto

try
to

solve
the

m
any

problem
s

in
the

com
plex

field
offiltration

in
geotechnicalengineering.

IN
TR

O
D

U
C

TIO
N

Non-geom
etricalgranularfilters

have
ahydraulic

m
ode

ofoperation;i.e.the
reduction

of
the

hydraulic
shear

stresses
on

the
base

m
aterialis

such
thaterosion

is
prevented.

Available
knowledge

ofthe
hydrodynam

ic
forces,

lift
and

drag,acting
on

particles
in

granular
filters

is
m

ainly
based

on
experience

and
laboratory

and
field

m
easurem

ents
w

hich
has

proven
inad-

equate
for

the
purpose

ofdeveloping
a

highly
accurate

design
criterion.

This
is

due
to

the
num

erous
factors

thatinfluence
the

stability,and
to

the
definite

probabilistic
nature

ofthe
acting

forces
w

hich
m

ay
attim

es
be

significantly
in

excess
ofm

ean
values

and
consequently

cause
m

ovem
ent.Verheijand

Den
Adel(1998)calibrated

and
validated

m
odelrelations

for
granular

filters
thatare

based
on

the
N

avierStokes
equation

forrm
iform

flow
,the

so-called
Forchheim

er
relation

and
the

hypothesis
ofBoussinesq.

Figure
1

shows
a

horizontal
one-layer

filter
w

ith
a

thickness
d

above
the

base
m

aterial.
Considering

uniform
flow

the
shearstress

distribution
in

the
open

flow
is

linear.U
sually

the
m

ean
flow

velocity
in

the
downstream

direction
can

be
approxim

ated
by

a
logarithm

ic
function.

The
velocities

and
shearstresses

in
the

filterlayerw
illbe

briefly
discussed

by
applying

the
three

aforem
entioned

equations.
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Although
characteristic

values
forboth

loading
and

strength
are

included,the
resulting

ratio
of

D
f/D

b
is

independentofthe
fluctuations

in
the

loading.
There

are
tw

o
reasons

for
this

rather
unexpected

result:
First

it
is

assum
ed

that
both

filter
and

base
m

aterial
w

ill
display

initial
m

ovem
entunder11116same

loading
conditions.

Second,fluctuations
in

the
load

exerta
load

on
the

filterm
aterialsim

ilarto
thaton

the
base

m
aterial.The

effects
ofnon-unifonn

flow
have

been
taken

into
accorm

tby
applying

equation
(10)and

can
be

represented
by

the
standard

deviation
of

the
instantaneous

bed
shearstress

(Hoffm
ans,1992,1996).

W
ith

equation
(14)the

influence
ofparticle

gradation
on

the
stability

ofthe
base

m
aterialcan

be
explained

in
a

qualitative
way.

For
exam

ple,when
the

base
m

aterialis
m

ore
graded

than
the

filterm
aterial,ac-,1,is

greaterthan
aqfConsequently,the

required
ratio

D
f/D

b
is

less
when

this
value

is
com

pared
to

situations
where

base
and

filterm
aterials

do
have

the
sam

e
gradation.If

only
the

filter
m

aterialis
broadly

graded,
orqfis

greaterthan
arc,1,,so

the
m

axim
um

value
of

D];/Db
is

higher
than

for
sim

ilarly
graded

m
aterials.

These
predictions

correspond
w

ith
observations

in
flum

e
experim

ents.A
broadly

graded
base

m
aterialhas

m
ore

fines
than

a
m

ore
uniform

m
aterial.The

m
aterialin

the
filterlayerhas

to
preventthe

erosion
ofthe

fines.This
can

only
be

achieved
by

reducing
the

filtervelocities
orby

putting
m

ore
fines

into
the

filterlayers.A
broadly

graded
m

aterialin
the

filter
layer

has
relatively

m
ore

fm
es,

w
hich

reduce
the

pore
velocity

in
the

filterand
so

also
the

loading
on

the
base

m
aterial.Hence,the

broadly
graded

filter
m

aterialis
allowed

to
have

an
average

grain
size

thatis
largerthan

forunifonn
m

aterial.

Using
the

assum
ptions

ac’);
=

aqfand
m

ultiplying
both

sides
by

D]§,,/D]f,;,,
equation

(14)
reduces

forhigh
values

of§d
into:

D
f,1s

_
D

f,15
I

LPc,G,b
Ag,

(15)

Db,50
D1150

77
\Pc,G,t

A
t

The
value

of17has
been

calibrated
by

using
experim

entalresults
obtained

by
Van

H
uijstee

et
al.

(1991).
In

these
9

flum
e

experim
ents

the
instability

ofthe
filter

layer
and

the
base

layer
was

sim
ultaneously

observed.The
m

ean
value

of17is
about0.01

w
ith

the
boundaries

0.005
<

17<
0.025.Hoffrnans

(1996)
also

found
a

value
of0.01

on
the

basis
ofthe

Japanese
tests

of
Shim

izu
etal.

(1990).Rem
ark

thatthe
calibration

and
validation

of17was
based

on
unifonn-

flow
experim

ents
.

The
resem

blance
to

traditional
relations

derived
by

Terzaghi
is

surprising.
The

stability
between

filterand
base

layerforgeom
etrically

sand-tightfilters
is:

P
ia

V
-l3fi°<10

(16)
D

b,85
D

b,50
w

hich
m

eans
275

0.1.

The
differences

between
equations

(15)and
(16)can

be
ascribed

to
a

safety
factorthatvaries

from
4

to
20.

This
analysis

shows
thatfor

uniform
flow

the
relations

for
geom

etricalsand-
tightm

aterials
are

strongly
oversized.

W
hen

the
turbulence

intensities
are

m
uch

higher,
for

exam
ple

downstream
ofsills,

the
value

of
17(17

2
0.01)

m
ightbe

questionable.
Underthese

conditions
the

ratio
D

f/D
b

probably
tends

to
the

geom
etricalvalue

ofabout175
0.1.Itshould

be
rem

arked
that

in
this

study,
equation

(15)
has

not
been

validated
for

non-uniform
flow

conditions.
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Bakker
etal.

(1995)
and

Stephenson
(1979)

discussed
filter

m
odelrelations,

w
hich

predict
sim

ilar
ratios

between
particle

sizes
of

filter
and

base
m

aterial.
Although

the
prediction

potentialofthese
relations

is
reasonable

forthe
experim

ents
investigated,they

depend
on

the
ratio

R
/D

f,w
hich

is
notrealistic

forrm
iform

flow
conditions.

D
A

IV
IP

IN
G

P
A

R
A

M
E

T
E

R

The
dam

ping
param

eter
(5)

is
related

to
m

aterial
properties

both
for

lam
inar

and
turbulent

flow
.

For
lam

inar
flow

5
is

approxim
ately

30/D155.
Follow

ing
Ikeya

(1991)
the

dam
ping

param
etervaries

from
14/Djfso

to
30/Dfso.In

both
casesthe

length
scale

ofthe
dam

ping
is

m
uch

sm
allerthan

the
particle

diam
eter

ofthe
grains

in
the

filter
layer.

Consequently,the
influence

ofthe
boundary

layeris
practically

negligible
in

the
case

oflam
inarflow

.

For
turbulentflow

conditions
Verheij

etal.
(2000)

found
tf5

5,5/D
fw

whereas
Ikeya

(1991)
arrived

atthe
follow

ing:
1/Dfso

<
5

<
6/Dfso.Ikeya

discussed
a

suggestion
m

ade
by

Stephenson
(1979)thatthe

turbulentboundary
layerin

the
filterlayeris

approxim
ately,

1.5Df5;,w
hich

was
later

independently
confirm

ed
by

the
m

easurem
ents

ofSuzuki(1992).
Sum

rnarising
equation

(15)is
valid

forboth
lam

inarand
turbulentflow

.

The
difference

between
results

ofthe
Dutch

and
Japanese

researchers
can

be
attributed

to
a

differentw
ay

ofm
odelling

the
eddy

viscosity
and

to
differentvalues

forthe
coefficients

in
the

so-called
Forcheim

errelation.The
Japanese

assm
ned

a
constanteddy

viscosity
in

the
filterlayer.

In
this

study
the

eddy
viscosity

is
related

to
the

varying
filtervelocity

(see
equation

4).N
ote

that
the

eddyviscosity
is

notaphysicalparam
eter,butaparam

eterthathelps
usto

relate
velocities

to
shearstresses.

Since
no

m
easurem

ents
offiltervelocities

in
relation

to
loading

param
eters

are
available

no
conclusions

can
be

drawn
atpresent.

C
O

N
C

LU
SIO

N
S

In
this

study
m

odelrelations
for

both
the

filter
velocity

and
the

shear
stress

atthe
interface

filter-base
m

aterialare
presented.

Although
the

exactrelation
between

the
dam

ping
param

eter
in

a
filter

m
aterial

and
its

m
aterial

properties
is

disputable,
the

type
of

relation
between

characteristic
length

scale
and

particle
size

w
ill

hold,
in

spite
ofthe

fact
that

the
asstunptions

foracontinuum
approach

are
violated.

Itshould
be

noted
thatthe

term
shearstress

is
som

ewhatm
isleading.In

factthe
distribution

of
the

shearstress
in

filterlayers
has

to
be

considered
as

a
distribution

ofa
loading

param
eter.A

m
odelrelation

has
been

discussed
for

geom
etrically

open
filters,

w
hich

can
be

used
for

both
uniform

and
non-uniform

flow
.This

relation
is

based
on

sim
ultaneous

instability
offilter

and
base

m
aterial.

The
influence

ofthe
grading

effects
ofthe

filter
and

base
m

aterials
has

been
shown

qualitatively.
This

relation
corresponds

closely
to

the
traditional

stability
relation

of
Terzaghifor

geom
etricalfilter

design
and

represents
the

range
ofthe

m
agnitude

ofthe
safety

factor.

To
increase

the
accuracy

ofthe
m

odelpresented
here

m
ore

detailed
inform

ation
is

needed,in
particularthe

value
of27,w

hich
m

ay
be

found
by

carrying
outexperim

ents
w

ith
non-Lm

ifonn
flow

conditions.Itis
necessary

to
use

sophisticated
equipm

entto
m

easure
filtervelocities

and
loading

param
eters.
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A
lluvial

sedim
ents

form
bed

and
banks

ofriver
Nem

tm
as,

m
ainly

by
sand

and
sandy

loam
.Lenses

and
layers

ofgraveland
clay

are
com

m
on

in
the

banks
ofthe

river.Bottom
of

the
river

is
rather

flexible.
Sand

waves
and

bars,reinforced
zones

ofgravellayer
outcrops,

tough
clay

and
boulders

vary
from

place
to

place.Average
velocities

in
talw

eg
vary

w
ithin

the
lim

its
from

1.0
to

1.5
m

/s.In
spring

flood
period

atsom
e

zones
the

velocities
m

ay
reach

m
agnitude

of
1.8

m
/s,

som
etim

es
in

dry
tim

e
it

m
ay

drop
to

0.8
m

/s
level.

Velocity
significantly

varies
in

tim
e

depending
on

the
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Fig.2
Longitudinalprofiles

ofriverbed
downstream

railw
ay

bridge
in:

1-1963;2-1978;3-1981;4-1985.

regim
e

of
a

hydropow
er

plant,
scour

and
sedim

entation
m

ay
go

on
at

the
sam

e
spot

at
differentperiods

oftim
e.

Due
to

the
effectofKaunas

hydropow
erplanttransform

ations
ofriverbed

goes
on

in
the

zone
of30

km
length

atthe
centre

and
suburbs

ofKaunas
town.The

bottom
levelatpresent

is
on

the
average

1.0
m

below
the

previous
levelof1959,when

the
plantwas

constructed.A
t

som
e

places
the

bed
was

lowered
up

to
2

m
(see

Fig.2).M
oorings

and
em

bankm
ents

ofthe
tow

,
pipelines

and
cables

are
under

the
constant

danger
ofdam

age
due

to
scour

ofboth
structures

toe
and

bottom
of

the
river.

M
unicipality

of
the

tow
n

realised
possible

consequences
ofthe

threat.They
applied

to
scientists

ofKaunas
U

niversity
ofTechnology

to
investigate

the
phenom

enon
and

to
form

ulate
som

e
proposals

to
stop

the
deform

ations
ofthe

river
bed.

Field
and

laboratory
investigations

were
perform

ed
and

som
e

suggestions
were

offered.

S
C

O
U

R
A

N
D

S
E

LFLIN
TN

G
O

F
N

O
N

-C
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H
E

S
IV

E
H

E
TE

R
O

G
E

N
E

O
U

S
G

R
O

U
N

D

Scourstrength
ofnon-cohesive

soils
depends

m
ainly

on
the

diam
eterofsoilparticles

and
degree

of
heterogeneity.

There
are

m
any

form
ulas

for
com

putation
of

adm
issible

non-
scouring

velocity
for

the
type

of
the

soil
(Zdankus,

1965).
M

ost
of

these
form

ulas
are

designed
for

com
putation

of
m

axim
al

adm
issable

non-scouring
m

ean
flow

velocity.
W

e
considerthatm

axim
alm

om
entary

bottom
velocity

is
a

m
ore

suitable
param

eterforestim
ation

offlow
scotuing

powerand
suggestthe

follow
ing

form
ula

umbadm=42J5
+21+370

,CIT]/S
(1)

where
umbadm

is
m

axim
alm

om
entary

bottom
non-scouring

velocity
at

the
distance

ofD
/2

from
the

bottom
leveland

D
is

m
ean

diam
eterofa

soilparticle
in

cm
.
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According
to

the
results

of
our

investigations
relationship

between
m

axim
al

m
om

entary
bottom

umb
and

m
ean

velocity
offlow

vm
ay

be
expressed

by
em

piricalform
ula

kb=”i=1.32+
A

1
-

0.272lg[ll-].
(2)

v
1)(50-1.551))=2.33

1)
Form

ed
by

heterogeneous
gravel

river
bottom

roughness
the

character
of

flow
velocity

distribution
in

verticale
and

soilscourstrength
depends

on
heterogeneity

ofthe
soil

(Sieben,
1999).

The
dependency

m
ay

be
estim

ated
m

ultiplying
adm

issable
non-scouring

velocity
by

a
correction

coefficientcom
puted

by
ourform

ula
1)

k,=1-0.32zg[-5'1],
(3)

Here
Dm

and
D

,are
m

axim
al(corresponding

percentage
of95%

)and
rated

diam
eters

ofsoil
particles

respectively.
Itis

evidentthatsm
allerthan

D
,soilparticles

w
illbe

washed
outfrom

the
surface

of
the

soiluntilselflining
is

com
pleted

and
the

surface
is

reinforced
by

the
layerofsoilparticles

largeror
equalto

rated
diam

eterD
,(see

Fig.
3).Thickness

ofa
reinforcem

entlayerm
ay

be
determ

ined
by

ourform
ula

h,
=

0.023P,D,2
/Dm

.
(4)

Here
P,is

percentage
ofrated

diam
etertaken

from
a

grain-size
distribution

diagram
.
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Fig.3
Surface

ofheterogeneous
ground

before
(a)and

after
selflining

(b)

Scour
depth

hs
(see

Fig.
3)

containing
large

particles
necessary

for
lining

quantity
m

ay
be

com
puted

from
ourform

ulaP
T

h‘
h'100-P,'

(5)
Lining

layerm
ay

be
broken

by
an

occasionalflood
wave

ofhigh
velocities.Then

the
layeroflarge

particles
then

is
being

m
ixed

w
ith

sm
allerones.W

hile
new

reinforcing
layeris

being
form

ed
scourand

low
ering

ofbottom
levelproceeds

once
again

untilnew
reinforcing

layerhas
been

form
ed.

SC
O

U
R

O
F

C
O

H
E

S
IV

E
S

O
IL

C
layey

soilscourprocess
differs

greatly
from

thatofnon-cohesive
soil.

Particles
ofthe

lastone
rem

ain
im

m
obile

ifvelocity
is

less
than

scotuing.Cohesive
soilscourgoes

on
atany,

even
atm

uch
less

than
adm

issible
non-scouring,

velocity.
A

t
sm

allvelocities
intensity

of
cohesive

soilscouris
sm

alland
the

process
is

sim
ilarto

m
elting,where

the
sm

allestparticles
gradually

loose
contact

w
ith

the
m

ass
of

a
solid

body
under

the
process

of
sw

elling.
Increm

entofflow
velocity

leads
to

gradualincrem
entofscourintensity,therefore,itis

rather
382
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difficultto
determ

ine
the

velocity
w

hich
m

ay
be

considered
as

non-scotuing
(M

irtshullavva,
1962)

O
ur

device
(Zdankus,

1968)
for

investigation
ofcohesive

soil
scotu

strength
m

akes
it

possible
to

observe
the

scourprocess
and

estim
ate

it
in

quantitative
param

eters.O
utflow

ing
from

a
nozzle

ofthe
device

(see
Fig.

4)
w

aterjet
sim

ulates
the

river
flow

bottom
layer,

therefore
jetvelocity

is
considered

equalto
m

axim
alm

om
entary

bottom
velocity.Itm

ay
be

applied
to

calculate
m

ean
flow

velocity
using

form
ula

(2).

._l
I

.;
I

-
I

3

-"'/I
._

7
k
;,

|——
_
-—

5
\_—

—
@

i*-.-
E
_

Fig.4
D

evice
forinvestigation

ofcohesive
soilscourstrength:

1-soilsam
ple;2-nozzle;3-tank;4-scale;5-watersupply

line

W

IN
F

LU
E

N
C

E
O

F
S

E
E

P
A

G
E

A
N

D
S

LO
P

E
IN

C
LIN

A
T

IO
N

O
N

S
C

O
U

R

G
round

waterflow
m

ay
influence

the
scourprocess

(Zdankus,1965).Itincreases
stability

ofsoilparticles
on

the
surface

when
waterinfiltrates

into
the

bed
ofthe

river
and

decreases
when

w
ater

leaves
the

soil
(Nian-Shen

Cheng,
Yee-M

eng
C

hiew
,

1999).
The

seepage
changes

both
distribution

of
river

flow
velocities

and
m

agnitude
ofm

axim
al

m
om

entary
bottom

velocity.The
velocity

is
higherin

a
case

ofupward
seepage

and
low

erfordow
nw

ard
seepage.

Entering
the

grotm
d

w
ater

presses
soil

grains
to

the
surface

and
increases

their
stability.Leaving

the
soilwaterlifts

the
grains

and
reduces

theirstability
(see

Fig.5).

AZ
A

—
Z

—
—

>
-

ll
{

5
b

‘
u=f(z)

m
a
,

E
*
*
>

u=f(z)
M

l_
_

I
"bl

Fig.5
Schem

e
ofupward

(a)and
dow

nw
ard

(b)seepage
influence

on
soilparticles

and
riverflow

Conditions
ofsoilparticle

stability
on

an
inclined

slope
ofa

riverbank
are

worse
than

those
on

a
horizontalbottom

ofa
riverbed.Perpendiculargravity

force
Fp,w

hich
is

equalto
the

gravity
force

Fg
projected

to
the

slope
plane,tends

to
m

ove
soilparticle

down
along

the
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slope
(see

Fig.6).Sim
ultaneous

influence
ofseepage

and
soilsurface

inclination
on

stability
ofsoilparticles

m
ay

be
exam

ined
analysing

allforces
acting

on
a

single
soilparticle.

Seepage
force

m
ay

be
expressed

as
F_.,=0.7s5c,pg1.n3,

(6)
11

where
CS

is
seepage

flow
drag

coefficient,
3

p
is

waterdensity,Iv
is

verticalcom
ponent

or
ofa

seepage
hydraulic

gradient.
5

G
ravity

force
is

directed
downward.

F5
Fg

Its
m

agnitude
depends

on
the

m
ass

ofaparticle
2

and
m

ay
be

expressed
in

the
follow

ing
w

ay
F1,

1
b

Fg=O.524(pS-p)gD3.
(7)

Here
pgis

density
ofa

soilparticle.
H

orizontally
directed

hydrodynam
ic

drag
force

is
Fh=0.393c,p

u2,,,1,.
(8)

Here
C,is

drag
coefficientforriverflow

.
Fig_

6
Schem

e
offorces

acting
Soil

S°i1Pa1'l5i°l95
Onthe

519199inclined
by

particle
on

slope:a-verticalcross
0:angle

are
acted

by
perpendicularforce

Segtign;b-p1ane;1-5011pa11;i¢1e;2-
F

p=Fgsina
(9)

slope
line;3-direction

ofground
therefore,they

are
underless

favourable
waterflow

stability
conditions

than
those

on
horizontal

surface
(Zdankus,

1973).
Thus,

inclination
ofsoil

surface
in

the
slope

reduces
soil

scour
strength.Tw

o
equations

for
a

criticalstate
ofthe

particle
for

shiftand
overturn

m
ay

be
setup

and
solved

w
ith

respects
to

velocity
umb.M

axim
alm

om
entary

bottom
non-scouring

velocity
form

ula
w

ould
be

obtained.
The

fonnula
w

ould
express

dependency
of

the
velocity

on
diam

eterD
to

1.5
degree.

U
nforttm

ately,there
are

no
possibilities

to
take

into
accountthe

influence
of

seepage
on

the
structure

of
a

boundary
layer

of
the

flow
and

m
axim

al
m

om
entary

bottom
velocity.

Therefore,
solution

of
the

equations
has

no
sense,

and
only

em
piricalform

ulas
m

ay
be

suggested.Here
is

a
form

ula
developed

by
us

on
the

ground
of

ourinvestigation
results

t
2

kS=(l-0.lIv)cosa
1-£9‘-.

(10)
raw

Here
ks

is
non-scotuing

velocity
correction

coefficient;Iv
is

verticalcom
ponentofground

waterflow
hydraulic

gradient:positive
forupward

seepage
and

negative
for

dow
nw

ard
one;

oris
slope

inclination
angle;gois

soilinternalfiiction
angle.

Seepage
gradient

depends
on

the
ground

water
level

at
a

river
bank,

perm
eability

of
ground

and
water

levelrise
or

drop
rate.

D
raw

dow
n

curve
for

ground
water

flow
m

ustbe
com

puted
to

determ
ine

a
hydraulic

gradient.
H

ydrogeological
conditions

and
perm

eability
coefficients

should
be

know
n

for
com

putations.
O

ur
device

to
test

non-cohesive
soils

(Zdankus,1987)suitable
forperm

eability
investigations

good
enough.

It
should

be
m

entioned
here,that

influence
ofseepage

to
scour

is
im

portantm
erely

to
non-cohesive

soils.
Therefore,

our
attention

was
paid

m
ainly

to
this

type
ofsoils.

G
round

waterm
otion

in
cohesive

soils
is

so
slow,that

seepage
m

ay
have

no
influence

on
scourof

such
soils.
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C
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N
C

LU
S

IO
N

S

Sudden
fluctuation

of
riverflow

rate
and

water
levelare

the
m

ain
reasons

ofbed
scour.Intensity

ofthe
scouris

as
greatas

sudden
and

frequentfluctuations
are.

Heterogeneity
of

non-cohesive
soils

influences
scouring

strength
of

the
soils.

Form
ulas

(3)and
(5)are

suggested
forcom

puting
non-scouring

velocity
and

scourdepth.
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bridge
piers,

these
flow

s
then

negotiating
a

left-hand
channel

bend
before

passing
beneath

the
centralregion

ofthe
bridge

(Figure
2).

Forthe
1998

failure
flood,itappears

thatsuch
flow

s
did

not
pass

beneath
the

centralregion
ofthe

bridge
butcontinued

along
the

upstream
side

ofthe
bridge

(Figure
2).

These
flow

s
then

m
erged

w
ith

flow
s

atthe
true-rightside

ofthe
flood

channelbefore
im

pacting
on

the
piers

atthe
true-rightend

ofthe
bridge

(Figure
3).

The
1998-failure-eventflow

beneath
the

bridge
was

concentrated
w

ithin
the

one
braid

channel.
The

velocities
for

the
concentrated

flow
s

were
noted

to
be

high
and

in
excess

ofthe
2

m
/s

velocity
estim

ated
forflow

s
passing

the
failed

pierfourdays
afterthe

failure
event.

The
surface

w
idth

ofthe
charm

elhas
been

estim
ated

at
about

12
m

to
20

m
.

A
t

the
peak

ofthe
failure

flood,
flow

is
estim

ated
to

have
extended

approxim
ately

fiom
Abutm

ent
A

to
Pier

H
(94

m
),

w
ith

flow
and

erosion
concentrated

atPiers
C

and
(in

particular)
B

on
the

outside
ofthe

left-hand
bend

in
the

channel(Figure
3).

The
fixed

nature
ofthe

cliffform
ing

the
true-rightlim

itofthe
flood

channel
m

ay
have

aided
in

forcing
the

flow
passing

across
the

upstream
face

ofthe
bridge

to
pass

beneath
the

bridge
atthe

position
ofPierB.

The
flood

flow
was

estim
ated

to
be

lessthan
the

m
ean

annualflood
atthe

site.
The

writers
have

not
obtained

quantitative
estim

ates
of

flow
m

agnitudes
at

the
bridge

site.
W

ithin
about

15
km

downstream
ofthe

Bealey
Bridge,the

m
ean

annualflood
atthe

M
tW

hite
Road

Bridge
across

the
W

aim
akaririR

iverhas
been

estim
ated

at1200
m

°/s
(M

elville
and

Colem
an,2000).

Recognising
the

relative
m

agnitudes
offlow

s
into

the
W

aim
akaririR

iver
between

the
Bealey

Bridge
and

the
M

t
W

hite
Bridge,and

thatthe
failure

eventwas
less

than
the

m
ean

annualflood,a
failure

flow
of200

m
3/s

is
adopted

for
the

risk-assessm
ent

scour
analyses

presented
below.

The
bridge

failure
is

estim
ated

to
have

occurred
ataboutthe

tim
e

ofthe
flood

peak
atthe

site.
From

photographs
taken

w
ithin

hours
afterthe

failure
event(Figure

3),flood
levels

atthe
bridge

appearto
have

peaked
at

aboutthe
levelofthe

top
ofthe

0.9-m
-deep

pile
caps.

The
bed

m
aterialwas

noted
to

be
ofa

wide
grading

w
ith

particles
ranging

from
sands

to
200-300

m
m

cobbles.
A

m
edian

bed
sedim

entsize
ofd5@

=
50-70

m
m

was
estim

ated.
Design

drawings
indicate

abed
m

aterialofshingle.

I-H
S

TO
R

IC
A

L
S

C
O

U
R

In
1948,the

upstream
edge

ofPierQ
dropped

by
about60

m
m

,w
ith

PierQ
rotating

ir1the
plane

of
the

pier.
ForPierQ,the

points
ofPiles

1,2
and

3
were

found
to

be
driven

to
7.6

m
,6.1

m
,and

7.6
m

respectively
below

ground
level.

The
pier

was
underpinned

by
three

piles
ateach

end
ofan

extended
pile

cap
(located

beneath
the

existing
one).

Each
new

pile
consisted

ofthree
rails

welded
togetherand

was
ofa

design
length

of7.0
m

.
From

1949
to

1958,the
bridge

was
m

onitored
in

tenns
ofthe

levels
ofthe

upstream
and

downstream
wheelguards

on
the

superstructure,perhaps
in

recognition
ofongoing

bed
erosion

problem
s.
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O
C

TO
BER

1998
SC

O
U

R
E

V
E

N
T

The
failure

flow
s

of19-20
O

ctober
1998

eroded
the

bed
around

the
piles

ofPierB
leaving

the
pier

basically
hanging,supported

by
the

superstructure.
A

t2
am

on
20

O
ctober

1998,PierB
settled

about1.7
m

as
a

truck
passed

overthe
bridge

towards
Abutm

entV.
The

drivercarried
on

overthe
rem

ainder
ofthe

bridge
to

com
plete

his
journey

westward.
In

failing,
Pier

B
rotated

aboutthe
junction

ofthe
deckw

ith
PierC.

Cracking
was

evidentatthe
tops

ofPierC
and

Abutm
entA

ow
ing

to
rotation

ofthe
adjoining

decksections
asPierB

settled.

The
cause

offailure
was

ascribed
to

localscourexacerbated
by

a
com

bination
offlow

concentration
ata

skewed
angle

to
the

pier,bend
scourand

also
confluence

scour(Figure
3).

Consistentw
ith

the
effects

ofbend
scouron

the
failure,increasing

scourdepths
were

noted
(afterthe

failure
event)for

Piers
D,C

and
B

respectively.
Forbraided

rivers
then,itm

ay
be

thatthe
m

axim
um

flow
w

ithin
a

channelbraid
m

ay
constitute

a
worse

scourscenario
than

a
largerflood

spread
across

the
w

idth
of

the
flood

channel.
Confluence

scourm
ay

have
contributed

to
the

failure
w

ith
tw

o
channelbraids

intersecting
im

m
ediately

upstream
ofthe

failed
pierforthe

failure
event.

The
true-leftem

bankm
ent

extending
into

the
channeldid

notappearto
have

influenced
the

failure
by

causing
any

com
m

otion
ofthe

failure
flow

s
(ofm

inorm
agnitude),butitdid

contribute
to

concentration
ofthe

flow
s

ata
skewed

angle
to

the
failed

pier.

A
S

S
E

S
S

M
E

N
TS

O
F

S
C

O
U

R
D

E
P

TH
S

Attem
pts

to
m

easure
scour

depths
subsequentto

failure
were

fiustrated
by

high
flow

velocities.
M

easurem
ents

w
ithin

fourdays
offailure

indicate
apeak

scourdepth
ofabout2.7

m
below

the
level

ofthe
bases

ofthe
pile

caps.
Itis

recognised
however,thatscourholes

tend
to

fillin
as

a
flood

recedes.

The
failure

flow
can

be
approxim

ated
as

a
single

channel
flow

approxim
ately

parallel
to

the
upstream

face
ofthe

bridge,w
ith

the
flow

passing
around

a
bend

beneath
the

bridge
(atPierB)and

subsequently
proceeding

in
a

downstream
direction

(Figure
3).

Forafailure
flood

ofabout200
m3/s

atthe
bridge

site,the
m

ethod
ofBlench

(1969)predicts
a

flow
depth

fora
single

channelof20
m

w
idth

approaching
the

bridge
ofyms=

4.1
m

.
The

m
ethod

ofM
aza

Alvarez
and

Echavarria
Alfaro

(1973)predicts
an

equivalentflow
depth

ofym,=
3.5

m
.

Forym,=
4.0

m
and

an
estim

ated
bend

radius
ofcurvature

ofthe
orderof60

m
,am

axim
um

scoured
flow

depth
in

the
bend

ofybs=
6.8-8.3

m
is

predicted
by

m
ethods

detailed
in

M
elville

and
Colem

an
(2000)and

Colem
an

etal.(2000).

Altem
atively,ifthe

failure
flow

is
considered

to
constitute

tw
o

channelbraids
(ofequalflow

s
and

each
of20

m
w

idth)m
eeting

atthe
failed

pier,the
m

ethods
ofBlench

(1969)and
M

aza
Alvarez

and
Echavarria

Alfaro
(1973)predicta

braid
flow

depth
ofyms

=
2.6

m
and

yms
=

2.0
m

respectively.
For

yms
=

2.5
m

and
a

confluence
angle

ofabout
50°,

a
m

axim
um

scoured
flow

depth
in

the
confluence

ofycs
=

9.5
m

is
predicted

by
m

ethods
detailed

in
M

elville
and

Colem
an

(2000)
and

Colem
an

etal.(2000).

W
ith

no
degradation

orcontraction
scourevidentforthe

bridge
site,the

totalscouratPierB
is

given
by

the
com

bination
oflocalscourw

ith
the

general(bend
orconfluence)scouroccurring

atthe
pier.
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The
localscourdepth

has
an

upperlim
itofd,=

4.4
m

forthe
pierw

ith
aprojected

w
idth

of3.25
m

(forthe
flow

atan
angle

of84°to
the

slab-type
pier).

The
totalscoured

flow
depth

ytcalculated
in

this
m

anner(yt=
yb,+

dsoryr=
ycs+

ds)is
the

depth
below

the
watersurface

forthe
flood

flow
,the

w
atersurface

forthe
1998

failure
eventbeing

estim
ated

atabout0.9
m

above
the

levelofthe
bases

ofthe
pile

caps.

The
presentscouranalyses

are
forthe

purpose
ofassessm

entofrelative
risk

ofscouratthe
bridge

piers,
and

not
for

the
design

ofpile
em

bedrnent
depths,

w
hich

w
ould

require
m

ore
rigorous

analyses.
The

above
analyses

are
lirnited

by
the

adoption
ofan

approxim
ate

failure
flood

and
approxim

ate
river

geom
etries,

and
the

extrapolation
ofthe

analyses
to

the
large

sedim
ent

sizes
occurring

atthe
bridge

site.
Nevertheless,the

analyses
highlightthe

large
scour

depths
thatcan

occur
atindividualpiers

ofthe
bridge.

Such
scourm

ay
be

m
ore

criticalto
bridge

stability
than

scourforlargerfloods
for

w
hich

the
flood

flow
extends

across
the

entire
bridge

channelsection.
Assessm

entofhistoricalaerialphotograph
records

w
ould

revealwhetherthe
1948

failure
ofPierQ

was
ofthe

sam
e

origin
as

the
1998

failure
ofPierB

w
ith

braid
flow

focussing
ata

pier
causing

Lm
derm

ining
ofthe

pier.
r

It
is

com
m

only
realised

thatdram
atic

channelshiftcan
occurin

the
course

ofa
single

flood
for

braided
rivers.

The
historicalvariability

ofthe
channelbraids

atthe
presentbridge

site
is

evidenced
in

Figures
1

and
2.

Based
on

this
variability,itm

ustbe
recognised

thateach
pier

ofthe
Bealey

Bridge
is

subjectto
the

sam
e

risk
ofpierscouring

thatoccurred
atPierB

in
1998.

R
E

M
E

D
IA

L
A

C
T

IO
N

S

A
fterthe

failure
ofthe

bridge,achannelwas
cutbeneaththe

bridge
a

few
piers

away
from

the
failed

pierin
orderto

divertsom
e

flow
away

from
the

failed
pier.

W
ithin

tw
o

days
ofthe

failure,a
single-

lane
Bailey

bridge
was

installed
overthe

dropped
pierand

the
adjoining

spans
to

facilitate
traffic

flow
s

acrossthe
bridge.

The
planned

rem
edialaction

consisted
ofjacking

PierB
back

into
position,underpinning

the
pier,

and
repairing

the
dam

aged
spans.

Additional
piers

m
ay

also
be

underpinned
depending

on
assessm

ents
ofboth

scourvulnerability
for

the
respective

piers
and

also
the

overallvalue
ofthe

transitlink
provided

by
the

bridge.
A

consideration
againstsignificantrepairs

being
carried

outat
the

site
is

thatin
62

years
the

bridge
has

only
had

tw
o

problem
s

w
ith

respectto
scour.

In
each

case,
the

bridge
was

readily
repairable,especially

in
term

s
ofquickly

restoring
traffic

flow
s

through
the

use
ofaBailey

Bridge.
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