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1 EROSION PROCESS

11 Sail Erosion

Three things happen when the water starts flowffigst, a drag

force and associated shear stresses develop mté¢niace between
the soil particle and the water flowing over it.c8ed, the normal
stress on top of the soil particle decreases beaaiuthe water flow.

Indeed, as the velocity increases around the peuicthe obstacle,
the pressure drops to maintain conservation ofggnaccording to

Bernoulli’s principle. This phenomenon is similartte air flow on

top of an airplane wing where the pressure is laivan below the
wing thereby developing the uplift force necesdarythe plane to
fly. Third, the normal stresses and shear strespgdied at the
boundaries are fluctuating with time because ofttinlbulence in the
water. These fluctuations find their roots in thgpearance and
disappearance of eddies, vortices, ejections aneepsvin the
flowing water; and they can contribute significgntd the erosion
process especially at higher velocities. In sonmeesahey are the
main reason of erosion.

12

Rock erodes through two main processes: rock sutestarosion
and rock mass erosion. Rock substance erosiorsrgfeéhe erosion
of the rock material itself while rock mass erosimiers to the
removal of rock blocks from the jointed rock maRsck substance
erosion includes three sub-mechanisms: erosionaltres hydraulic
shear stress created by the water at the rock-iateface, erosion
due to abrasion caused by sediments rubbing agamsbock during
the flow, and impact of air bubbles that pit theksurface due to
cavitation at very high velocities. Rock mass enositcludes two
sub mechanisms: erosion due to slaking, and erahiento block
removal between joints. Slaking can occur whenck,rsuch as a
high plasticity shale in an ephemeral stream, doesand cracks
during summer months; these small blocks are teermoved by the
next big flood. Block removal can occur if, duringlh turbulence
events, the difference in pressure between thendpthe bottom of
a rock block becomes large enough to overcome #ighivand side
friction on the block.
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2. TESTING FOR ERODIBILITY

An apparatus measuring the erosion function waeldped in the
early 1990s, called the EFA (Erosion Function Appas) (Fig. 1,
Briaud et al., 2001). The principle is to go to #i where erosion
is being investigated, collect samples within tleptd of concern,
bring them back to the laboratory, and test thethénEFA. The 75
mm outside diameter sampling tube is placed thrahghbottom of
the conduit where water flows at a constant vejocithe soil or
rock is pushed out of the sampling tube only at dasit is eroded
by the water flowing over it. For each velocity, arosion rate is
measured and a shear stress is calculated usinglyféochart
(Moody, 1944). Point by point the erosion functisrobtained.

For fine grained and coarse grained soils, ASTNdaad thin
wall steel tube samples are favoured. If such sasnpbnnot be
obtained (e.g.: coarse grained soils), Split SpSBT samples are
obtained and the coarse grained soil is reconstitirt the thin wall
steel tube. Fortunately in the case of erosionoafse grained soils,
soil disturbance does not affect the results sicpnitly. If it is
representative of the rock erosion process toa&& mm diameter
rock sample, the rock core is placed in the thiti ateel tube and
tested in the EFA. The rate of erosion can be wifferent for
different soils.

While the EFA provides an accurate method for aeir@ing the
erosion resistance of soils in a laboratory settihgre is still a need
for a simple method and device that can be usetidrfield. The
Pocket Erodometer Test (PET) is a simple test whiah be
performed in a few seconds with an inexpensive,pamt) and very
light instrument. The Pocket Erodometer is a regalamini jet
impulse generating device (Fig.2). The jet is airhedizontally at
the vertical face of the soil sample. The depthhef hole (mm) in
the surface of the sample created by 20 impulsesvaier is
recorded. The hole depth is compared with an emostwart to
determine the erodibility category of the soil. §lerosion category
allows the engineer to make preliminary decisionsrosion related
work. The development of the device is ongoing, &arly results
show that this very simple tool can provide rellyv accurate
results when calibrated with the EFA.

Figure 1. Erosion Function Apparatus to measuwdibility (Briaud et al., 1999)
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Figure 2 Pocket Erodometer and PET erosion cajedwart.
3. EROSION CLASSIFICATION 4. BRIDGE SCOUR PREDICTION

Categories are used in many fields of engineeriojchassification Most prediction equations to estimate bridge scmpths have been
categories, hurricane strength categories, earkequaagnitude developed on the basis of laboratory flume tesultesusing
categories. Such categories have the advantageuating one cohesionless soil. Unfortunately these same equatioe also used
number to represent a more complex condition. Brosategories for cohesive soil which have much lower erosionerahan
are proposed (Fig. 3) in order to bring erodibilidown in  cohesionless soil. It usually takes less than afdayohesionless
complexity from an erosion rate vs shear stres<tiom to a soil to reach the maximum scour depth around agbrisupport
category number. Such a classification system @prbsented in under a constant flow rate but for a cohesive 8wl scour depth
terms of velocity (Fig. 3) or shear stress (Fig. 4) developed in a day maybe a small percent of theimar scour
The erosion categories are proposed on the badis géars of depth because of the slower erosion rate. Studidsidge scour
erosion testing experience. In order to classifyod or rock, the depths in cohesive soils with consideration of swddibility and
erosion function is plotted on the category chad the erodibility time dependence have been performed at Texas A&Meltsity
category number for the material tested is the rarrfdr the zone in  since 1990.
which the erosion function fits. Note that using thater velocity is
less representative and leads to more uncertaitiiggs using the 5. SCOUR TYPES
shear stress; indeed the velocity and the shesssstre not linked
by a constant. Nevertheless the velocity chartésgnted because it
is easier to gage a problem in terms of velocity.

Bridge scour is the aggradation or degradation &f tiverbed
around the bridge structure, and it is usually dbd into general
scour, contraction scour and local scour.

General scour happens without the existence ofidgdar One
1000007 very righ Hah Medium example of general scour is the case of the adifstraightening of
Erodibility Erodibility Erodibility 3 ) A ) i . .
10000 - | [ a channel in a river which increases the flow vigjom the river
Nonnc St [ on ey /. (Sesing <30 E,;ﬁ;"i,ity and leads to erosion. Contraction scour results fitee acceleration
) - e v of the flow due to the constriction of a channel thg approach
Frosion e e embankments. Local scour happens due to the veloctease and
mmmny O] T T e | S turbulence around bridge obstacles such as pieralamments. The
well graded Soits Poion o Very Lt . . . .
104 e ooy oy dey ey definition of contraction scour and local scoursimown in Fig. 5.
- Increase in Water Salini - . - . .
i AN o Spaci) Figure 6 illustrates that the maximum contracticow (Fig. 6a)
14 / / /‘%hﬁon Erosive occurs where the velocity is the highest (Fig. 6tile the
o oo maximum abutment scour (Fig. 6a) occurs where thbutence
: T intensity is the highest (Fig. 6c).
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Figure 3. Proposed erosion categories for soilsraoks based on
velocity (Briaud, 2008).
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Figure 4. Proposed erosion categories for soilsraoks based on
shear stress (Briaud, 2008)
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Figure 6. Comparison of scour pattern and velquatyern (Oh, 2009)

6. MAXIMUM PIER SCOUR

A method to predict the maximum pier scour deptiedhesive soil
was proposed by Gudavalli (1997) after conductingeemental
research on pier scour using circular piers in deefer condition
(y,/ a=1.43 wherey, is the approach water depth ani$ the pier

diameter). He used 2 types of sand and 3 typesagfduring his
experiments, and proposed Eq. (1). Li (2002) sthdiemplex pier
scour considering the shallow water effect, piapgheffect, attack
angle effect and group pier effect, and then pregdg. (2).

0.635
av
ys( Pier)(mn) = 01{_j
A"
a'v

ys(Pier)(mm = OlSDKNDKsp -

)

0.635
v J

@)

whereyspier) is the maximum pier scour deptnjs the width of the
pier, @' is the projected pier width perpendicular to thmwffor
rectangular pier. is the length of the pier, is the angle of atfack
is the mean velocity at the location of the piethié pier was not
there,v is kinematic viscosity of water (for?/s at 20 °CX,, is the
correction factor of water depth effect, aKg, is the correction
factor of pier spacing effect.

Although 5 types of soil were used in these prgjetite soil
properties were not included in 1997 and 2002 égusit New data
analyses were conducted in 2009 and a new methpgdohas
developed which including a soil property. The gsas$ started with
a dimensional analysis.

6.1 Dimensional Analysis

The parameters influencing pier scour can be liated
ys(Pier) = f(a, L' X'ei g'\{'\él S SD (3)

whereSis the spacing between two piers (measured cemter

D_'JB
center),shis the shape of the pier nose and= L is the
\ ploF

critical velocity of the soil,r, is the critical shear stress of the soil

n is Manning's coefficientg is gravitational acceleratiory is
unit mass of watery, is the approach water dept, is the mean

velocity at the location of the pier if the pier svaot there
Eq. (3) can be normalized through dimensional aisland
becomes:

:f(E,ﬁ,a,F >
a a
] is Froude number based on approach

Y
s( Pier) o ien = Sh
a

a

I Fr

(pier) *

4

Vl

N

velocity and pier width, andFrc(pier{:

where Fr, pier)[z

C

N

Froude number based on critical velocity and piteithwv

Since pier scour develops until the shear stresisgaaround the
pier equals to the critical shear stress, therefloeemaximum pier
scour equation can be expressed as:

] is the critical

% = K, K, (K, K, K, (@, B, 0FF oy = FT o) (5)
where K, is correction factor of pier shapg,, is the correction
factor of attack angleK, is the correction factor of the aspect ratio
of a rectangular pierK,, is the correction factor of the water depth
effect, K, is the correction factor of pier spacing,, 5 and x,are
constant. Note that the amplification fact@r (>1) is necessary to
include the magnification effect of the turbulerazeund the pier.

6.2  SingleCircular Pier in Deep Water

Data for single circular piers in deep water caoditGudavalli
(1997) and Li (2002) were collected and re-analyedevelop a
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new pier scour equation. For a single circular pieteep water, Eq.
(5) can be simplified as:

ys(Pier) _ X1
T - al(ﬁl |:Fr(pler) - I:rc(pier)) (6)

The constantsaq -, [ and y were determined
experimentally by curve fitting, and the predictiequation is:

ys( Pier) _ 0.7
Luoen - 2.2 2.60F1 ey = Fro ) @

6.3  Complex Pier Scour

The data for complex piers were collected from 2042), and re-
analyzed to find the correction factors for thezef$ of pier shape,
shallow water, the aspect ratio of rectangular, @gack angle, and
pier spacing. The equation for a complex pier is:

Jetren = 5 o1, K, K, Ko 2.6F T ey ~Fr ) ()
a

where Fr ., is Froude number based on approach velocityaand
and Fr .., is Froude number based on critical velocity ahd

0.33
o.ss{i{j fork < 1.43
a a

K, =
1.0 ,else
K = 1.0 > 3(
17 )Value in Table 1, else

K, =1.0, forwholerangeof &

-0.91
K = Z{EJ ,for—sl< 3.42
sp a a

1.0 ,else
VC

V,
Frien| === |+ Fletpen = =
Jor& Jo&

Table 1. Correction factor of pier nose shagg (
(Richardson et al., 2001).

a'= au(coszSHL Ebirﬁ]
a

where y, ., IS the maximum contraction scour depth, is the
approach water depth, is the channel width in the approach

section, L, is the channel width in the bridge sectid?rl[: Vi ]
A

is Froude number in the contracted section, Bng = Ve is the
NI
critical Froude number.

A very simple geometry (a rectangular channel aedical
walls) was used in Li's research. Another study wasducted by
Oh (2009) who included compound channels, rectamgtiiannels,
a Wing-wall abutment, and two types of Spill-thrbugbutment. An
analysis using databases in Li (2002) and Oh (20@8)conducted.

7.1 Dimensional Analysis

The variables affecting contraction scour can &tedi as:
ys(ConD = f(ynl' g'\/l' CR’ Sh \M) (11)

Dimensional
parameters:

analysis yields the following dimendess

Ysteom _ ¢ (Fr o Fr

Yow C R‘K sz cx)

mc?

(12

where y_ is the main channel depth in the approach section,

: . . V,/C, )
Ca(=(Q-Quu)/ Q is contraction ratio,Fr,| =—t—= | is
Fe-arg ( NEY ]

Froude number in the main channel at bridge section

Fr | = Voo T/ P
"V 9

channel of the bridge sectio@, is the total discharg&y o is the
discharge blocked by the approach embankmétt, is the
contraction lengthKg, is the correction factor of contraction shape,
Kc is the correction factor of contraction length

Since the contraction scour happens only when #iecity is
larger than the critical velocity, the maximum gaition scour
equation is:

] is the critical Froude number in the main

Shape of pier nose K1 Shape of pier nose K1
Square nose 1.1 Circular cylinder 1.0 Yscom _ _ 2
Round nose 1.0 Sharp nose 09 vy, = KaKa Wz('ngr”Q Fr "’°) (13)

7. CONTRACTION SCOUR

Li (2002) conducted contraction scour experimemhts. used the
rectangular channel, vertical walls with differamansition angel
and contraction length, and Porcelain clay for expents. He
found that the maximum contraction scour depth iwdspendent of
the shape of the contraction, but dependent ordibeharge and
contraction ratio. He proposed two contraction soeguations in
cohesive soil. One is the maximum contraction samuation in
cohesive soil (Eq. (9)), and the other is the umifacontraction
scour equation (Eg. (10)).

ys(ConD - 1{1385 Frl — Frcj (9)
Y L,
ys(uni_ConD :14{131£ Fl'l _FrCJ (10)
Y L.
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wherea,, 8, and y, are constant. Note that the amplification factor
B, is necessary to consider the influence of turbwesred should
be always bigger than 1.0

7.2  Prediction Equation

It was found that the contraction scour depth néimed by the
water depth was linearly dependent on the diffezencthe Froude
numbers, and was independent of the contractiogtheand shape
after data regression. The prediction equation tf@ maximum
contraction scour depth and the uniform contractioour depth for
both rectangular channel and compound channel eaxfressed as
Eqg. (14) and Eq. (15), respectively.

Ysem _1 o7(1.8%r,, ~Fr, ) o
Yo
Yatuni_com _ 0.94 1.8%r,, —Fr,) )

Yo
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7.3  Prediction Equation for HEC-RAS Users

Engineers often use numerical analyses to calculeevelocity
needed in bridge design. HEC-RAS is one populansoé package.
A new method using the velocity calculated by HE&SRat the
contracted section is suggested for the HEC-RASsuser

The contraction scour equation using HEC-RAS rexdts be
expressed as:

(16)

ys(Cont) _
=a, (IBZFrmziHEC —Fr mc)
_V27HEC . . . )
where Fr, ,eq| = V, uec is the velocity in the main

Yo
\/gynJ ’
channel at the bridge section by HEC-RAS calculation
Another data regression using flume test results HEC-RAS

results yielded Eq. (17) for the maximum contractsaour, and Eq.
(18) for the uniform contraction scour.

M:Z.Z](J'Sl:rmz HEC_FrmC) a0
Yo 7
Ysuni_cony _ 1.Gd 1.3Fr,, yec —Fr mC) e

Yo

Note that the amplification factg8, in Eq. (17) and Eq. (18) is
smaller than that in Eq. (14) and Eq. (15) becabsecalculated
velocity V, .. is always larger thav/,,(=V;/ C,) because the

water depth decrease at the bridge section is takerronsideration
in one method and not the other.

8.

Briaud et al. (2009) conducted 18 large scale flue®ss using
Porcelain clay for channel material. The flume ug®mdthe tests is
45.7 m (150 ft) long, 3.05 m (10 ft) deep, and J16EL2ft) wide. In
the research, the hydraulic condition, the chargedmetry, the
shape of abutment, the length of abutment and thetment
alignment were varied to simulate possible condgithat should be
considered for bridge design. The method seleaedccdnverting
the hydraulic data to the local velocity around dbeitment was the
approach used in Maryland SHA Bridge Scour Progra
(ABSCOUR, 2006).

ABUTMENT SCOUR

%,forshort setbacl( L -L 3 )@1)
prl

f2 2
otherwise use a linearly interpolatedogty betweer

%for(Lf -L)=5y, and% forL = 0.25,

2

,for long setbacl(L < 0.2.5) (19)

where Q,, is the discharge on the floodplain at the apprcsecttion
immediately upstream of the abutme®, is total flow area at the

contracted sectionA,, is the flow area on the floodplain at the

contracted section, andl, is the width of floodplain,L' is the
length of abutment.

m
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Figure 7. Definition of degree of setback.

8.1 Dimensional Analysis

Variables affecting the abutment scour depth atediin Eq. (20).
These variables can be rewritten in dimensionlesg@ables in Eq.
(21).

Yscaoy = T (Vo Yoo L LoB28, 9.V, V) (20)
L -L
Yown = | Z°2 g 6Fr,, Fr..Re, (21)
Vi f1

where (13, is the abutment slopgf is the alignment angle of
Vie oo Ve _Anlp
NE RN YA

, 1t is the viscosity of water.

abutment, Fr,, = Re;, =

PY:iiVs,
U

The abutment scour equation also can be expresgadtive
form of Froude number difference like pier scoumuatipn and
contraction scour equation:

X3

Veomn _ 1 K, 1K, (K o &, [{ B, =) (22)

Yi1

where K, is the correction factor of the abutment shag,is the

correction factor of the abutment skew andfe, is the correction
factor of the abutment locatiork, is the correction factor of
channel geometryK, is the correction factor of Reynolds number
effect, anda,, B, and y, are constant.

8.2  Prediction Equation

The three constantsr(, £, andy, ) and four correction factorsi(,
K,, K_ Ks) were obtained after data regression using flues¢ t
results:

Y abuy

=K, [K, K, (K, [7.94{1.65Fr,, - Fr,) (23)

1.0 for Wing-wall abutment
0.73 for Spill-through abutment with 2:1Slo
0.59 for Spill-through abutment with 3:1Slo

2 ={1.0— 0.00%9 - 9¢

ll.ZZ for Vertical-wall abutment

for 60<fd< 1X

yfl
K, =
K .
otherwise

0.85

K = 1.0 for compound chanr
¢ 1042

for rectangular chanr
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L, -L

fo———< 1.
yfl

otherwise

L, -L'
_|-0.23—+1.35
KL - Y1
1.0

8.3  Reynolds Effect

Applying the equations for cohesionless soils thesive soils
without the consideration of time yields overly servative scour
depths. Therefore, a scour analysis method for stebematerials
needs to consider the effect of time and soil prige as well as
hydraulic parameters. The SRICOS (Scour Rate Ine€igh Soils)
method was developed to predict the scour deptsuseime around
a cylindrical bridge pier founded in cohesive sdiriaud et al.,

Equation (23) fits well to the flume test resutisBriaud et al (2009). 1999} and has been developed to predict all @ssimur types in
However it underestimates the scour depth for ssaalle laboratory realitzl,. P P P P

tests and overestimates for large scale such ldsdiga. The main

cause for this discrepancy is the effect of locayrieéds number
Re,, defined aRe,, = py,,V,,

matched with the field scale in the laboratory tbst not the
Reynolds number as it is not possible to do bothafgiven fluid.
Therefore there was a need to take care of theende of the
Reynolds number.

Table 2. Range of Reynolds numbers (Ref2) in eaalystu

Froehlich Sturm | Briaud et al. | Benedict et al.
(1989) (2004) (2009) (2006)
Min. 7,425 8,433 102,511 143,50(
Re,
Max. 71,133 55,451 322,681 11,436,281
Re,
Avg. 50,073 28,248 219,837 2,782,622
Re;

Figure 8 shows the effect of Reynolds number in imam
abutment scour depth. In order to find the Reynaldgsiber effect,
several points from laboratory test results, sulF@ehlich (1989)
and Strum (2004), were selected. Note that thebdata from
Benedict et al. (2006) was not used because theamcof data
from field measurements is much lower than thaabbratory test
results. According to the relationship in Fig. 8eteffect of
Reynolds number is:

= =30Re%*

Kpe = = 24
R 0.03270R&>™ 24)

10

/

y=0.0327x0-2784 |
R2=0.7865

Lj 2

M Sturm (2004)
%

Prediction Eq. (23) / Measurement

Froehlich (1989)
@ Briaud et al. (2009)
0.1 1

1.0E+04

1.0E+05 1.0E+06 1.0E+07
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Figure 8. Effect of Reynolds humber in maximum afent scour

The maximum abutment scour prediction equation idenisg
the effect of Reynolds number is:

yS Ul
% =K, K, K, (K, (K, [7.940{1.65Fr, ,~Fr,)
f1

=K, [K, [K, [K, [243Re’”{ 1.65Fr,,~Fr )

(25)

9. TIME DEPENDENT PREDICTIONS

The scour phenomenon in cohesive soils is muchesl@and more
dependent on soil properties than that in cohesgsnlsoils.

50

9.1 Basic Concept of SRICOS Method

/1 . Indeed the Froude number was

The SRICOS method uses tow basic parameters: thenman
scour depthy) and the initial scour ra(éi). The two are then

linked by a hyperbolic model which describes theuscdepth vs.
time curve. The procedure for the SRICOS methodsists of the
following steps.

1) Obtain standard 76.2 mm diameter Shelby tube sangde
close to the bridge support as possible.

2) Test the sample in the EFA to get the erodibilityrve
(zvs.7). wherez is the erosion rate andis the interface
shear stress.

3) Determine the maximum shear stregs at the beginning of
the scour process.

4)  Obtain the initial scour ratfz) corresponding tomax

5) Develop the complete scour depthvs.t curve.

6) Predict the depth of scour by reading yh&s.t curve at the

time corresponding to the duration of the floodhgsi

V(0= (26)

z %

wheret is time (hour),ys is the maximum scour deptlz, is the
initial scour rate.

9.2  Multi-Flood System and M ulti-Layer System

Kwak (2000) developed the SRICOS method for mudtdd and
multi-layer systems to apply it to actual casesaafur. His concepts
are:

9.21 Multi-flood system

The hydrograph of a river indicates how the velpgitiries with

time. The fundamental basis of the accumulatiowritlgms is that
the velocity histogram is a step function with anstant velocity
value for each time step. For example, a floodbfeéld by a bigger
flood in a uniform soil is first considered (Fig). #lood 1 lasts a
time t;, with a velocityV;, and Flood 2 lasts timg with a velocity

V1. A scour deptlyg(ty) is reached at a tinte (Point A on Fig. 9 (b))
after Flood 1.

— t1
ysl(ti)——i Lt
Zl ysl
The scour deptlyy(ty) could have been created by Flood 2 in a
timete such that:

(27)

(28)

Therefore the equivalent tintgis:
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Y

o)

When Flood 2 starts, even though(t;) has occurred due to
Flood 1 duringt, y«(ty) is equal toyo(te) due to Flood 2 during the
equivalent time,. Theys vs.t curve proceeds from point B on Fig. 9
(c) to point C aftet,. Theys vs.t curve for the sequence of Flood 1
and 2 follows the path OA on the curve during Fldgdand then
switches to BC on the curve during flood 2. Thisi®wn as the
curve OAC on Fig. 9 (d).

In the opposite case where a flood is followed lyreller flood
the same approach can be used except thatt)fis bigger tharyy,

a smaller flood cannot develop any additional scour

In the general case, the complete velocity hydnolytia divided
into a series of partial flood events lastifig The scour depth due to
floods in the hydrograph is calculated by followitihg procedure in
Fig. 9 (d).

te: .
S,

(29)

11

Yo Yo
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Layer 2

. ¥ C
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Figure 9. Scour due to a sequence of two floodhisve

9.2.2 Multi-layer system

In the multi-flood system analysis, the soil istassd to be uniform.
In reality, the soil can involve different layersida the layer
characteristics can vary significantly with deptrherefore, it is
necessary to have an accumulation process whichhaadle the
case of a multi-layer system. This problem is thaflow with a

constant velocity/ where a channel bottom consists of a first Iaer"here

with a thickness o#dy; and a second layer with a thickness4g$

(Fig. 10 (a)). Theys vs.t curves for layer 1 and layer 2 are given byShaPeK -

Eq. (27) and Eq. (28) (Fig. 10 (b), Fig. 10 (c))yd exceeds the
thicknesgly;, then layer 2 will also be involved in the scoungess.

In this case, the scour depth (t;) (=4y;) (point A on Fig. 10 (b)) in
layer 1 is reached after a time t1, and it is egjeint to scour depth
on layer 2 during equivalent time te (point B org.FilO (c)).

Therefore, when layer 2 starts to erode, yhes. t curve proceeds
from point B to C on Fig. 10 (c). The combined scpwcess for
the two-layer system corresponds to the path OAE€ign10 (d).

In reality, there may be a series of soil layershwdifferent
erosion functions. The computations proceed bypstepforward in
time. The time steps ardt long, the velocity is the one for the
corresponding flood event, and the erosion funcfiemsr) is the

one for the soil layer corresponding to the curreacbur depth
(bottom of the scour hole). Whettt is such that the scour depth
enters a new soil layer, the computations follove tprocess
described in Fig. 10 (d).

Layer 1

Layer 2

y
Yoalte)+¥sal &)

(b)

Yor(te)

Y

Yoalti)

O (8]

y
Ysi{tih+¥s2(t:)

Yalti)

O
Figure 10. Scour on multi-layers

9.3 Maximum Shear Stressaround Pier

Wei et al. (1997) performed a series of 3D numesaalulation for
a constant velocity flow in a deep water conditiand then
developed Eq. (30) for the maximum shear stressraog around a
cylindrical pier. The equation is:

1 1

log Re_TO} (30)

Tmax(Pier ) = 00940V12|:

Nurtjahyo (2003) conducted a series of 3D numesaaulation
by varying water depth, pier spacing, pier shape, attack angle,
and found several correction factors, which arelieaple to Eg.
(30), for shallow water depth effect, pier spaceftect, pier shape
effect and attack angle effect. Eq. (31) was predos$or the
maximum shear stress occurring around a complex pie

11
logRe 10

koK

W' sh

T,

max(pier ) =k spl% m0940\{2|: (31)

ky, =1.15+ 7ex- 4 A)
k, =1+5ex(- 1.B /g

k, =1+16exf- 4 /a)
k=1+1594 )"

kw is the correction factor of water depthk, is the
correction factor of pier spacing, is the correction factor of pier
is the correction factor of attack angle.

9.4 Maximum Shear Stressin a Contraction Zone

Nurtjahyo (2003) studied the maximum shear stness ¢ontraction
zone by conducting another series of 3D numericallgation in a
contracted rectangular channel, and developed 8). Eq. (32)
was developed by correcting the maximum shearsstgsation at
the bottom of an open channel without contractinrison et al.,
1990).

max(Cont) ~

Kekwek, ko 0f \f R

4 (32)
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k =1.0+04% )"

k.= 0_.62+ o.séA/Ajjs

2
0.77+ 1.36— W, — |- 1.98— A ,
L Ieﬂ+ L right L Ieﬂ+ L right
Kua = for— M <035
L |eft+ L right
11.0 , otherwise

whereR, is the hydraulic radiug; is the contraction transition angle
(in degree) W, is the top width of the abutmer; is the channel

0.92[{d, /d,,,)+ 1.0

k, =10.21(d, /dyy) — 1.2Td /d)+ 2.97
1.0

fq %eck< 1.0
forl9d @<
for3.0< d; /dyeq

where Re(:\/lwc1 /V) is the Reynolds number defined with respect
to the top width of the abutmenty(=V; Oy) is the unit discharge at
the approach sectiorqz(:\/llib/llill-v A) is the unit discharge at
the bridge sectiong, is the distance from the water surface to the

low chord of the bridge at the upstream face oflihidge, dis
the thickness of the bridge dedk,, is the correction factor of the

area at approach sectiofy, is the channel area at bridge sectionaspect ratio of the approach embankmeédqt, is the correction

L' is the length of left bridge embankment,, is the length of
right bridge embankmentk, is the correction factor of the

factor of Froude numbei; is the correction factor of the abutment

shape,ksk(:1.0) is the correction factor of abutment alignmekt,

contraction ratiok, is the correction factor of the transition angle;s the correction factor of overtopping

k,. is the correction factor of the contraction lengihdk,, is the
correction factor of the water depth and it isfbiOall conditions

Section A - A'

|

A

— |

Flow

TANNAARNNAL

M

Section B - B'

Figure 11. Definition of parameters in the contii@at scour

95 M aximum Shear Stress around the Toe of an Abutment

Chen (2008) conducted a series of 3D numerical sitioul to study
the maximum shear stress around the toe of an abtitnand
developed Eq. (33).

rmax(Abut) :12'45(CrkshkFrkskskkLkp \{2 Ré0.45 (33)

-0.24
—nach - L
=3.652- 291 kg =0.85%| —
- o " [Wj
K = 2.07Fr + 0.8 foFr >0..
1.0 forFr < 0.1

1.0 vertical-wall abutmer
k, =40.65 wing-wall abutment
0.58 spill-through abutmel

1.0 for(L, —L) 1y, <=2

0.6(L, -L)/y, +1.2 for-2< (,-L)ly, < ¢C
“1.2(L, -L)/y, +1.2 foro< (, -L)/ly, <1
1.0 forls [, -L)ly,
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10. PROBABILITY APPROACH

All methods mentioned above determine the scouthdapthe end
of a given sequence of daily discharge values. Wé&2@04)
suggested a methodology to predict the scour dapthe end of a
future hydrograph on a probabilistic basis. In teisearch, he set up
a Monte Carlo simulation procedure by assuming tiize
hydrograph can be modeled as a stochastic procels.
methodology to prepare future hydrographs depewtedhether a
hydrograph existed or oniy;qo andQsqp eXisted.

10.1 Existing Hydrograph Method

The daily dischargeQ in the hydrograph, is considered as a random,
uncorrelated variable. A suitable distribution (Logrmal) is fitted

to the discharge data from the hydrographs. Thenraed standard
deviation of the Lognormal distributiom, and o , are determined
from the mean and the standard deviation of the flalues g and

oq by:

H ‘ELOQ 3 (34)
o,
1+ 2
[”Q]
2
o,
o, = [Log|1+| —2 (35)
Hy

The basic procedures of existing hydrograph approeae:

1) Calculate the meamng and standard deviatiar, of the daily
stream flow values in existing hydrograph.

2) Calculate the log-normal mean and standard deviatiosy
of the daily stream flow values by using Eq. (34d&Eq.
(35).

3) Using the cumulative distribution function and andam

number generator, a large number of equally likelture
hydrograph are generated.

102 Qigo and Qg M ethod

If a hydrograph does not exist at the bridge, betQ;q, and Qsg
are known values, the parameters of the Lognorniatribution
(mean value and standard deviation) can be caéxlilasing the
conditions:
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Pro Q> Qy, |= 0.0{ per yed=" 1/365¢0 per §
ProyQ > Q,, |= 0.008 per yej= 1/1825¢0 perp

(36)
(37)

The function Prol) < QJ has tow constantsy, and o.
Therefore the tow conditions [Eq. (36) and Eq. [3iye the values
of 4, andoy. and the Lognormal distribution is completely detin
Hence, the basic proceduresQf, andQsqo approach will be:

1) Calculate the Lognormal meag and standard deviatiary of
the daily discharge by using Eq. (36) and Eq.(37).

2) Using the cumulative distribution function and andam
number generator, a large number of equally likielure
hydrograph are generated.

10.3 Probability of Exceedance

The probability of exceedanck, of the design flood with a given
return periodl, depends on the design lifgof a structure.

P=1-(1-1/T)" (38)

If the design life of the bridge is 75 years, thekability that the
flood with a return period of 100 year will be egded during the
75 year design life is 53% according to Eq. (38) #Hrat probability
is 14% for the 500 year flood. Only when one getshie 10,000
year flood does the probability get to be lowernti&6 (0.75%).
Therefore looking at those numbers alone, it sedesirable to use
the 10,000 year flood for design purposes. Thisdlés used in
design in the Netherlands for regions of the cqudaemed critical.
The USA uses the 100 and 500 year flood for depignposes in
hydraulic engineering; this leads to probabilitiet exceedance
which are in the tens of percent. By comparison, shractural
engineers use a probability of exceedance of abdi for the
design of bridge beams (LRFD target), and judgilognfmeasured
vs. predicted pile capacity data bases (Briaud, &uyck988) the
geotechnical engineer uses a probability of exceszlaf the order
of a few percent. While these numbers can be deépateis
relatively clear that these different fields ofitengineering operate
at vastly different probability of exceedance lsvélhere is a need
to document these different levels, agree on atdeyel, and then
operate at that common level. Note that risk i®eissed with the
product of the probability of occurrence and thdugaof the
consequence. As such, the probability of exceedtarget should
vary with the consequence of the failure.

11. SRICOS-EFA METHOD

Since cohesive soils may be scoured so much morelysithan
cohesionless soils, the scour rate should be irdiufbr scour
prediction. The SRICOS-EFA method has been develépethis

reason with consideration of the time effect, tb# groperties and
the hydraulic parameters. The SRICOS-EFA computegrpro is
programmed to calculate three types of scour deppier,

contraction, and abutment. It can be downloaded ffee at
https://ceprofs.civil.tamu.edu/briaud/. The proaedu of the
SRICOS-EFA method is outlined in Fig. 12, and it i@y

summarized as:

1)
2)

Collect samples at the site.
Test the samples in the EFA to get the erodibditves or use
the proposed soil erosion charts.
Describe the geometry of the abutment (length, twidhape
and alignment angle), and pier (nose shape, widihgth,
skew angle).
Describe the geometry of the river (main channedithyi
flood plain width left, flood plain width right, ni@ channel
to flood plain transition slope, flood plain bankope,
Manning coefficient and longitudinal slope of tler).

3)

4)

5) Input the flow hydrograph.

6) Run HEC-RAS to obtain the relationship between toev fl

and velocity at the bridge section, and the flovd avater

depth.

Transform the flow hydrograph into a bridge sectietocity

hydrograph and a water depth hydrograph.

Calculate the maximum scour depth for ffieelocity on the

hydrograph (equation (8) for pier scour, equati@B) (for

contraction scour, equation (24) for abutment scour

Calculate the initial maximum shear stress around th

abutment for thei™ velocity (before the scour hole

development) (equation (30) for pier scour, equi(®i) for
contraction scour, equation (32) for abutment scour

Read the initial scour rate corresponding to thdiaini

maximum shear stress on the appropriate EFA curve.

11) Use the results of steps 8 and 10 to construcscbar depth
versus time curve for tH& velocity.

12) Calculate the equivalent time for tHevelocity and the curve
of step 11). The equivalent time for tifevelocity is the time
necessary foi” velocity in the hydrograph to create the same
scour depth as the hydrograph from the start uineéctime
step.

13) Read the additional scour depth contributed byi'theslocity
during thei™ time step.

14) Repeat steps 8 to 13 for the entire hydrograph.

15) Output the scour depth versus time and read tfa $icour
depth ¥ fa at the end of the hydrograph period.

10)

11.1 Example

The SRICOS-EFA method is applied to predict the poeur depth
at Woodrow Wilson bridge. The soil samples takesund pier 1W
at depth of 4 — 4.6 m and 10 — 10.6 m are clay witl and 33 %
of PI, respectively. The pier nose shape is squard,the width is
9.75 m. The erosion functions of soil samples addonidge pier are
shown in Fig. 13. Fig. 14 (a) shows the measureidinad
hydrograph, and Fig. 14 (b) is the correspondirggljation of scour
depth history using the SRICOS-EFA method. The mead a
standard deviation @ of the period from 1961 to 2000 gug=354
m/s, andog=502 m/s, respectively, and the maximum discharge in
the 40-year-long record was 9,703/sn In addition, at this bridge
site, theQ,oois 12,629 s and theQsq is 16,639 ni's.

Fig. 15 (a) shows the frequency of occurrence, Rigd 15 (b)
shows the probability of exceedance using the iegitydrograph
method of probability approach. The period of setith
hydrographs is 75 years and the iteration numb&0@s.

Fig. 16 (a) shows the frequency of occurrence, Rigd 16 (b)
shows the probability of exceedance using@ag andQsqq method
of probability approach. The period of synthetidiographs is 75
years and the iteration number is 1000.

12. VERIFICATION

The SRICOS-EFA method was developed to predict bristgeir
depths, such as pier scour, contraction scour batireent scour, in
cohesive soils on the basis of flume tests. As waitii new method,
it is important to verify the method against otheasurements. The
databases which were used for the verificatiorhef$RICOS-EFA
method are listed in Table 3.

In order to apply these three equations to databasel because
there were no EFA test results in those databaségsionless soils
databases were used, and the relationship betweetritical shear
stress of the soil and thg, particle size was used to calculate the
critical shear stresses of each soil. Moreover, mitagis coefficient
n was calculated using Strikler's relatiam(.013s,"¢ > 0.011) for
Dsp in unit of mm.

Figures 17 and 18 show the comparison of the pedlic
maximum pier scour depth to the field measuremdats the
Froehlich database (1988), and the Muller and Lamti#abases
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(1996), respectively. Equation (8) yields consedweascour depths
compared to the field measurements. These conseryaedictions
may result from the fact that the erosion rate inaye been slow
enough that the maximum scour depth was not reached

Fig. 19 and Fig. 20 shows the comparison betweersRICOS-
EFA predictions and Gill's flume test results (1984s well as the
comparison between HEC-18 method to those sameuneasnts.
Eq. (15) is in good agreement (Fig. 19) while HEEC+hethod
severely under predicts the measurements (Fig. R)r series of

abutment scour data bases are used for the védficaf Eq. (25),

and those are from Froehlich’s (1989), Sturm (20&t)ema et al.

(2008) and Benedict et al. (2006). The comparisdrieopredicted

abutment scour depths with the data from thesébdaés are shown
in Fig. 21 to Fig. 24. They indicate that with atf&r of safety of 2,

extremely few cases are under predicted. Becausgradenf these

databases are populated with coarse grained #oiks,concluded

that the SRICOS-EFA method is equally applicableinie frained

soils and to coarse grained soils.

| SRICOS-EFA Method

Pier Scour Abutment Scour

Contraction Scour

General Information
(Units, Analysis period)

General Information
(Units, Analysis period)

v

General Information
(Units, Analysis period)

Geometry Geometry Geometry
Pier Parameters: Dimensions, Spacing, Attack angle, etc. Channel Information: Channel widths, Lengths, Abutment Parameters: Dimensions, Shape, water depth,
¢ Transition angle, etc. channel configuration, etc.
Water
Water Water

Hydraulic Information: Hydro graph, Manning’s n,

Velocity, Water depth, etc. Hydraulic Information: Hydro grapth, Manning value,

Hydraulic Information: Hydro grapth, Manning value,

# River hy ic radius, Velocity, Water depth, etc. River hydraulic radius, Velocity, Water depth, etc.
Soil Soil Soil
Input EFA Curve Input EFA Curve Input EFA Curve

v v

* Tmax Calculation Factors 175 N .
kg=contraction ratio factor ~ 0.62+ 0.3{%) 7mex Calculation Factors
ks = shape factor <~ s B ) 3 sff 29
115+ ® k. =transition angle factor Lo 0.5{1] kc~conveyance ratio factor
ko= attack angle factor 057 Y = i
0 9 1 +1_5(y ) B ) w Wy ksi=aspect ratio factor W
90 kwa=contraction length factorg 77 1_3{%), 1_9%) 2 071 + 0.8 Fro0.1
ky= water depth fractor 116 t t ke=Froude number factor {1.0 Fe 0
‘o ) kw~water depth factor (=1) ks=shape factor 10 forvw
sp = Spacing factor 143 .
1+5%e @ * kg, ko, ki, ky are the correction factors for Tmax ke=skew angle factor(=1) 0.65 for WW and S
* iery Calculation Factors
Yoran k. =abutment location factor (-4
_ 1.0 L -L) 1y, s-2
Ky =shape factor (1 1 for rectangular nose L 060, -L)ly 12 -2 L-L)y < ¢
1.0 for round nose & cylind —120 -L) /Y +1.2 0= -L)ly, <1
- Ys(cony _ 1.0 =G -L)y,
K= water depth factor 08 g[ v, ] ok <14 T o = 2.21( 1.3E0,com — Ffmc) ko=overtoppting factor
a a m 1 275, /h+ 1, if d, /h< 0.33
. , for otherwis 3 .
Ksp = spacing factor T axicont) = = Kekuak, K it \{Z 1.83d, /n)’ - 37¢d, M+ 297,if 0.38d k< 1
s\ s 1.0,if 1.0<d, h
29 = ,for= <3.2
a a * Ysnuy Calculation Factors
K| = aspect ratio in rectangular pier (=1) Ki=shape factor (1.2 for W
1.0 forww
0.73 for ST
l K=skew angle factor

{1‘0—0,00159— 9g for 60sf< 12X

0.85 otherwise

ys(P\er 07
=K K K K, 2.2 267 ) = Fr g )
K =abutment location factor

1 \
e kwmhksp&mowp\f{log Re 10} 037( Ve \*155 [ Yir /‘qv
10 , otherwise
Ky=pressure flow factor = k,
:
ys;“"“ =K, [K, (K, (K [K,[243Re3{ 1.65Fr ,~Fr,)
f1
= 50.45
Tonaoony = 124K KK K Kk kp Y RE
Note:

from water surface to low chord of bridge deck Fr. Froude number (based on V; and yx)

Fraconmy: Froude number (based on V and ynr) Frye: Froude number (based on Vo

h distance from low chord of bridge deck to toe of abutment

Ly, width of floodplail n i 0 Attack angle q: approach unit

Ry Hydraulic radius ~ Re: Reynolds number (based on a or W;) S: spacing of group pier
yr: floodplain water depth before contractionfor open channel or h for pressure flow
Ys(cony: Maximum contraction scour depth Vs(abuy: Maximum

a. width of pier  a’:
Fipiey: Froude number (based on V;and a )
and ym1) Fraunuy: Froude number (based on Vi and yf)
L Iength of pier L length of abutment projected to normal to flow
@2 unit di around the ab: £= unit mass of water at 20°C

V;. approach average velocity ~ W.: width of bridge crest or length of channel contraction
Yms: main channel water depth before contraction Ys(Piep: Maximum pier scour depth
abutment scour depth

projected pier width  a: angle d;: dist:
Frepien: Froude number (based on V. and a b}
Fry,: Froude number (based on V. and y;,)

Figure 12. Procedure of SRICOS-EFA method
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Figure 13. Erosion function for a soil sample ngar 1E of the existing Woodrow Wilson bridge
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Figure 15. Scour depth prediction using existigdrbgraph method of probability approach (projéoet= 75yrs, number of iteration =
1,000).
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Figure 16. Scour depth prediction using Q100@B60 method of probability approach (project tim@syrs, number of iteration = 1,000

Table 3. Databases for SRICOS-EFA verification.
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Scour type

Database

Data type

Equation for comparison

Froehlich (1988)

Pier scour Muller and Landers (1996)

Field measurements

Field measurements Equation (8)

Contraction scour Gill (1981) Flume tests Equatibs) (
Froehlich (1989) Flume tests
Strum (2004) Flume tests .
Abutment scour Ettema et al. (2008) Flume tests Equation (25)

Benedict et al. (2006)

Field measurements

100 7

-
o
+

E E
s E
g 5
1 [-%
0 ;
0.1 0 1 2 3 4 5 6 7 8
Measurement (m) Measurement (m)
Figure 17. Prediction by Eq. (8) versus Froeh8gbier scour  Figure 18. Prediction by Eq. (8) versus Muller &adders’

data base (1988)

pier scour database (1996)

E
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£ 2
g 2
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T
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a
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Figure 19. Prediction by Eqg. (15) vs. Gill's cattion scour Figure 20. HEC-18 method vs. Gill's contractionsc
database (1981) database (1981)
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Figure 21. Prediction by Eq. (24) vs. Froehlichfsitment scour

database (1989)

Figure 22. Prediction by Eqg. (24) vs. Sturm’s afent scour

database (2004)
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Figure 23.  Prediction by Eq. (24) vs. Ettemalés abutment  Figure 24. Prediction by Eq. (24) vs. Benedict és @butment
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NOMENCLATURE

A
An

Ar
d

ddeck
DSC
Fry

Fr pien)
Fre
Fre@ien
Frs,
Froo
Fric
Frmc

Frmz_mec

g
Ka

Ker
Ker
ke
Ko
ke
ke
ke

Ksn

Ksp
K

kWa
Kq
Kz

KCL

Ks
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Width or diameter of pier

Projected pier width perpendicular to the flow for
rectangular pier

Contraction transition angle

Total flow area in the approach section immediately
upstream of the abutment

Total flow area in the contracted section

Flow area on the floodplain in the approach section
immediately upstream of the abutment

Flow area on the floodplain at the contracted eacti
Contraction ratioC, = (Q- Qued) / Q@

Distance from water surface to the low chord offihidge
at upstream face of the bridge

Thickness of bridge deck

Median diameter of sediment

Froude number based &h andy,

Froude number based dp anda’

Critical Froude number based ¥pandy,

Critical Froude number based ¥panda’

Froude number based & andy;,

Froude number in the main channel at the bridgtéosec
Froude number based dhandy;;

Critical Froude number in the main channel at thégar
section

Froude number based 3 ec

Gravitational acceleration

Correction factor of the contraction transition anfgr
Tmax(Cont

Correction factor of discharge ratio foaxaput
Correction factor of Froude number By abut
Correction factor of the abutment location fRgxabut
Correction factor of overtopping faf,aaput

Correction factor of attack angle f@faxpier

Correction factor of contraction ratio f@faxcont
Correction factor of abutment shape Rk« abut
Correction factor of aspect ratio f@faxanun0r Correction
factor of pier shape fofaypier)

Correction factor of the abutment alignment f&yaput
Correction factor of water depth

Correction factor of the contraction length gy cont
Correction factor of pier or abutment shape for mmh
abutment or pier scour depth

Correction factor of attack angle for maximum abutn

or pier scour depth

Correction factor of contraction length for maximum

contraction scour depth

KRe

Ko

Qblock

prl

U

Re:

NS

Tr
t

—

e

Correction factor of channel geometry for maximum

abutment scour depth

Correction factor of Reynolds number effect for maxm
abutment scour depth

Correction factor of the abutment location for maxim
abutment scour depth or correction factor of thpeat
ratio of rectangular pier

Correction factor of contraction shape

Correction factor of the pier spacing for maximunerpi
scour depth

Correction factor of water depth for maximum abuttmen
or pier scour depth

Length of embankment projected normal to flow
Length of left bridge embankment

Length of right bridge embankment

Width of channel in the approach section

Width of channel in the bridge section

Width of floodplain

Design life of a structure

Mean of the normal distribution of daily discharge
Mean of the Lognormal distribution of daily dischar
Manning’s coefficient

Kinematic viscosity of water (1Dm?/s at20°C)
Attack angle

Probability of exceedance

Unit discharge at approach sectioV{y)

Unit discharge around abutmeniz,A1/A5)

Discharge blocked by bridge embankment defined by

approach average velocity on flood-plain times #nea
extending the bridge to approach section
Total discharge

Discharge on the floodplain in the approach section

immediately upstream of the abutment

Unit mass of water

Hydraulic radius

Reynolds number based on pier wigthdr Top width of
the abutmentW,)

Reynolds number based gnandV;,

Spacing between two pier (measured center to genter
Shape of the pier nose

Standard deviation of the normal distribution ofilyda
discharge

Standard deviation of the Lognormal distributiondaily
discharge

Return period

Elapsed time after start of scour

Equivalent time necessary to create the same simpth
as the previous step of discharge



I
Tmax(Abut
Tmax(Cont

Tmax(Pier

Vi
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Critical shear stress Vi
Maximum shear stress of around abutment Vi
Maximum shear stress of in the middle of channel
Maximum shear stress of around pier

Mean velocity at the location of the pier if thepwas not Ym:

there

Critical velocity of the soil Ys(Abut)
Approach average velocity on the floodplain

Local velocity around the abutment Ys(cont
Critical velocity on the floodplain Ys(Pier,

Velocity in the main channel at the bridge sectian Y«(t)
HEC-RAS calculation z
Critical velocity in the main channel z
Top width of the abutment or contraction length

Approach water depth

Water depth at the toe of the abutment estimatethas
water depth immediately upstream of the toe of the
abutment

Water depth in the main channel at immediately repst
of bridge contraction

Maximum abutment scour depth adjacent to the tabef
abutment

Maximum contraction scour depth

Maximum pier scour depth

Scour depth at time

Erosion rate

Initial erosion rate
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