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Abstract

Scouring is one of the major threat to the stability of bridge piers. Both clear and live bed scour
conditions are different phenomena and should be evaluated individually. In this evaluation, the
available clear water scour prediction equations are evaluated using available laboratory and field
data. The overall performance of these equations is quantified by using statistical parameters, namely
‘Sum of squared errors’, ‘Mean Absolute error’ and ‘Root Mean square error’. The results show that
no single equation can said to be accurate. The top-ranked three equations which manifest better
estimation of clear water scour depth are Sheppard & Miller, Molinas and Gao equations,

respectively.
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1. Introduction

Scouring is a natural phenomenon which is
defined as the lowering of bed material. The erosive
ability of the flowing water is mainly responsible for
this process which can erode, transport and deposit
the sediments in river causing a change in the river
bed elevation and adjusting its boundaries. Scour can
take place around any hydraulic structure, bed and
banks of the stream or river.

The local scour around the bridge pier can be
classified into two categories namely, Clear water
scour and Live bed scour. Clear water scour occurs
when there is no movement of bed sediments and live
bed scour occurs when there is transport of bed
sediments at the upstream of bridge pier. The term
“Clear water scour” sometimes can be misleading as
it gives the impression that the water is entirely clear
of any type of sediments, but it is common to have
suspended silt and clay particles in the clear water
condition. Hence, the classification of the scour is
based on the movement of sediments along the
stream bed but not on the suspended sediments. The
land areas which have the vegetation and also the
piers situated in flood plains are most likely to be
subjected to clear water scour [2].
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Both of these scour conditions exhibit entirely
different phenomena and stability conditions of the
bridge piers is questionable. Failure of the bridges
due to scouring has been reported all over the world.
About 60% of the U.S. highway bridge failures were
due to different hydraulic defects including scour
[21]. Serious bridge scour problems were reported in
many East- Asian countries, particularly in those
areas which were subjected to flood induced by
yearly typhoons [25]. Wardhana et al. [48] had
reported a list of bridge failures due to the pier scour.
Besides their human toll, bridge failure costs a
million dollar expenditure related to restoration,
replacement and transport facilities [21]. Hence,
estimation of the local scour depth in the vicinity of
bridge piers has been the main concern of engineers
for years.

The local scour depth under clear and live bed
conditions is different and should be treated
differently. A number of studies have been carried out
in recent years evaluating scour prediction equations
based on their performance. For example, Jones et al.
[15] compared most of the common equations using
laboratory and limited field data. According to his
analysis, CSU equations enclose all the field data
points but this equation gave lower value of scour
than other equations.
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Landers and Mueller [23] carried out analysis
using 139 data points including both clear and live
bed scour conditions. They analyzed some selected
pier scour predicting equations. The results of the
analysis showed that none of the equation accurately
estimated the scour depth for all the measured
conditions. They also concluded that some equations
performed well for the conservative design but
overestimated the scour depth by a large amount.

Mueller [35] compared 22 pier scour predicting
equations. Field data which was collected by the
USGS, was used in the analysis. It was observed that
the HEC-18 equation performed reasonably well by
rarely under predicting and mostly overestimating the
scour depth.

Garde [9] analyzed the Inglis-Lacey’s, Laursen-
I, Melville & Sutherland and Kothyari equations for
the data of sandy beds. It was found that the method
proposed by Melville & Sutherland and Kothyari
gave more or less the same accuracy.

Boehmler [3] carried out the survey for USGS
and checked the competence of pier scour
measurement methods and the predicting equations.
The study included the data of 20 different sites and
compared most of the commonly used equations. It
showed that the Shen, Blench-Inglis, and Gao
equations closely predicted pier scour depths.

Mueller [36] conducted a detailed study on
stream bed scour at bridges. Evaluation used 266
measurement points, which represented 106 different
piers at 53 bridges. The results showed that the HEC-
18, Froehlich Design, HEC-18-K4-Mu, HEC-18-K4,
HEC-18-K4-Mo and Wilson equations performed
better than other equations for the prediction of scour
depth for design purposes.

Mohamed [32] conducted an analysis of four
equations namely, Laursen-1, Jain and Fisher, CSU
and Melville and Sutherland equations. Both field
and laboratory data were used in the analysis.
Laboratory data was compiled from the series of tests
conducted on the model and field data comprised of
14 bridge sites. Comparison showed that Laursen-I
and CSU equations performed well for the given
laboratory and field data while other two equations
over predicted the values. This observations were
verified by using three different statistical tests
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namely; Mean Absolute
coefficient (U), and Root
(RMSE).

Error (MAE), Theil’s
Mean Square Error

Gaudio [8] compared six equations (Breusers,
Jain & Fischer, Froehlich, Kothyari, Melville and
HEC-18-Kw) for the estimation of the scour depth
around circular pier in clear water or live bed
conditions by using synthetic and original field data.
The comparison was done two by two. The HEC-18-
Kw equation in both clear water and live bed scour
and the Froehlich equation in live-bed condition
predicted scour depths better than the other selected
equations. None of the selected equations accurately
predicted the scour depths in the field.

Sheppard [45] assembled 23 equations for
evaluation and assessment. For the analysis, 441
laboratory and 791 field data points were used. Initial
screening was applied to the equations based on
unrealistic results which left only 17 equations for the
evaluation. A statistical parameter named as ‘Sum of
squared errors” was also used in the analysis to rank
the equations. The analysis showed that Sheppard &
Miller equation and Melville equation both
performed well. Furthermore the equations were
melded and a new equation was formed named as
Sheppard/Melville (S/M) equation for an accurate
prediction.

Beg [1] evaluated 14 commonly used equations.
The evaluation was carried out using both field and
laboratory data. The analysis was carried out by using
different statistical parameters including Root Mean
Square Error (RMSE), Mean Absolute Error (MAE)
and Theil’s Coefficient (U). The results revealed that
Laursen-1 and Jain & Fischer gave reasonable results.

Above discussion showed that the previous
researchers had tried to identify the best equations
based on their performance of predicting the scour
depth but these evaluations did not explicitly focus
on clear water scour equations. This study, however,
is conducted to evaluate clear water scour depth
prediction equations and rank them based on certain
evaluation criteria.

2. Clear Water Scour Depth Prediction
Equations

There are number of equations available for the
prediction of scour depth around the bridge piers. All
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the available equations can be sorted based on the
scour conditions, over which they are applicable.
Some of them are only applicable to clear water,
some are for live bed scour conditions while others
can be used for both conditions. Total 27 available
clear water scour depth prediction equations are
studied in this research work and summarized in
Table-1 (For detail refer Appendix-1).

Table 1: List of Clear water scour depth prediction
equations at bridge pier

1. Inglis-Poona-I 2. Inglis-Poona-II
(1949) (1949)
Chitale’s (1962) Laursen- 111 (1963)

Shen (1969)
7. CSU (1975)

Hancu (1971)
8. Torsenthaugen
(1975)
10. Jain & Fischer
(1979, 1981)

9. Breuser (1977)

11. Melville & 12. May & Willoughby
Sutherland (1988) (1990)
13. Gao (1992) 14. Kothyari (1992)
15. HEC-18-K3
(1993) 16. HEC-18-K4 (1995)
17. HEC-18-K4-Mu .
(1996) 18. Melville (1997)
19. Richard May 20. Jones & Sheppard
(1998) (2000)
21. HEC-18-Kw 22. May, Acker &
(2001) Kirkbay (2002)
23. HEC-18-K4-Mo .
(2003) 24. Molinas (2003)
25. Sheppard & Millar | 26. Khwairakpam
(2006) (2012)

27. HEC-18 (2012)

3. Compilation of Clear Water Scour
Data

The data set of clear water conditions was
compiled from different sources. The data have
information of observed scour depth (Y ™%
approach flow conditions (i.e. flow depth, Mean
approach flow velocity and angle of attack), pier
geometry (i.e. pier size and pier shape) and bed
material (i.e. coarseness, gradation and size)
including both experimental and field data sets. The
available information was further used to sort the
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data points into clear water and live bed scour
conditions based on the flow intensity.

Flow intensity is defined as the ratio of the mean
approach flow velocity (V) to the critical approach
flow velocity (V.) or the ratio of the shear velocity
(U*) to the critical shear velocity (U*;). Clear-water
scour occurs when V < V. while live-bed scour
occurs whenV > V..

The sources through which data were collected,
include Chiew [5], Southard [46], Wilson [49],
Melville [31], Katherine [17], Mueller [36],
Mohammad [33] and Beg [1]. 305 clear water scour
condition points were collected by sorting all the
available data and assuming suitable values for some
missing and required information (Table-2).

Table 2: List of Data sets

Data Source ‘ No. of Data Sets
Experimental Data
Chiew (1984) 11
Melville (1999) 84
Mohammad (2006) 11
Beg (2013) 7
Field Data
Southard (1992)
Wilson (1995) 5
Katherine (2004) 12
Mueller (2005) 171
Total 305

4. Comparative Evaluation

Ranking the performance of scour prediction
equations is difficult because of the tradeoff between
accuracy and under predictions. Considering only the
accuracy, three statistical parameters were used to
rank the equations with minimum prediction errors.
These parameters are Sum of squared error (SSE),
Mean Absolute error (MAE) and Root Mean square
error (RMSE). These parameters were computed by
following equations;

2 (Yg0bserved—Ygcom puted)?

0, =
SSE (%) ¥ (Y 0bserved)?

x100 )




Pak. J. Engg. & Appl. Sci. Vol.16, Jan., 2015

_ ¥ (Y Observed-Yg,computed)
MAE = No.of observations )
RMSE — Z(Yseobserved—Ysecc?m puted)? 3)
No.of observations

The lower value of these parameters obtained
from the equations indicate reliable predictions of the
possible scour depth, hence are given a higher rank.
The individual ranks of all the equations are
computed based on above parameters and then
summation of these ranks are computed to select
reliable equations (Table-3).

Further an effort was made to evaluate the
equations for the under prediction error. Under

prediction error will quantify the error only in those

Table 3 : Summary of the Performance of Clear Water Scour Prediction Equations at Bridge Piers

data points where data is under predicted as
compared to observed value. It was carried out using
only “Sum of squared errors” just to understand its
negative impact if analysis is only based on Overall
error. Hence, the equations are evaluated for under
prediction error using following criteria’s;

1. Number of under predictions: Number of data
points in which scour depth is under predicted.

2. SSE magnitude of under predicted values:
Magnitude of the under predictions, because it is
just as important, if not more so, than the
number of under predictions.

Again, the lower value of these parameters
indicated the reliable prediction, hence are given

higher ranks (Table-4).

Equati No. of E (% Rank | \iag Eankd RMSE Eankd ?Quml? f Rank
qlzi)t lon obser\éations SS (3§ 0 (Basei on 3) ©) (or? SSE) (7)5 (Or?s?e) ( 432 +§) (Baseldoon 9)
@ (4) (6) (8) ) (10)
Chithale's 336 114.858 11 1.508 23 2.425 21 55 21
Shen 381 80.363 6 1.202 19 2.632 23 48 16
Inglis-Poona -I 381 116.506 12 1.766 25 3.169 24 61 23
Inglis-Poona -11 381 75.420 4 1.006 13 2.550 22 39 13
Torsethaugen 26 99.083 10 0.447 9 0.601 4 23 5
CSuU 336 84.415 8 1.277 20 2.079 18 46 15
breuser (1977) 322 210.501 17 0.517 11 1.001 10 38 12
Jain & Fischer 336 52.044 2 1.118 17 1.632 13 32 8
May & Willoughby 102 14976.092 26 1.488 22 1.691 14 62 24
Kothyari 334 116.587 13 1.063 15 2.417 20 48 16
HEC-18-K3 336 93.207 9 1.397 21 2.184 19 49 18
Melville 321 721.014 23 1.048 14 1.855 17 54 20
Richard & may 230 350.250 20 0.429 6 1.202 11 37 11
Jones & sheppard 289 211.230 18 0.443 8 0.887 9 35 10
HEC-18 Kw 321 119.201 14 0.418 5 0.754 7 26 6
May Acker & Kirkbay 322 305.256 19 0.617 12 1.205 12 43 14
Sheppard & Miller 228 33.471 1 0.212 1 0.309 1 3 1
Khwairakpam 366 482.589 21 2.084 26 4.759 25 72 25
Hancu 309 139.648 16 0.463 10 0.731 6 32 8
Gao 302 77.023 5 0.348 3 0.524 3 11 3
Melville & Sutherland 321 254957.097 27 7.217 27 34.882 27 81 27
HEC-18-K4 305 655.780 22 1.115 16 1.780 15 53 19
HEC-18-K4 Mu 322 81.607 7 0.372 4 0.623 5 16 4
Molinas 319 60.997 3 0.317 2 0.486 2 7 2
HEC-18-K4 (Mo) 322 121.237 15 0.437 7 0.760 8 30 7
Laursen-111 320 11954.481 25 1.521 24 6.794 26 75 26
HEC-18 320 836.214 24 1.176 18 1.797 16 58 22
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Table 4 : Summary of the Performance of Clear Water Scour Prediction Equations for Under Prediction Error

No. of
Equations obsirr]\éaJLo;e\;vith (Eggekd S%Eecg‘igtr;ger (FBQZQekd 2;0:2; (Eggel;l
@) predicted values on 2) data (%) on 4) (6) on 6)

@) (©) (4) ©) (@)
Chithale's 103 10 61.85 12 22 9
Shen 129 13 74.64 17 30 17
Inglis-Poona —I 172 19 96.61 20 39 23
Inglis-Poona -l 175 21 74.32 16 37 19
Torsethaugen 24 2 125.43 22 24 10
Csu 60 8 39.98 7 15 4
Breuser (1977) 201 24 67.59 14 38 21
Jain & Fischer 37 6 20.88 2 8 2
May & Willoughby 9 1 21671.16 26 27 15
Kothyari 103 10 98.98 21 31 18
HEC-18-K3 48 7 35.68 6 13 3
Melville 28 3 79.71 18 21 8
Richard & may 154 18 404.20 24 42 24
Jones & sheppard 139 14 29.54 5 19 7
HEC-18 Kw 79 9 44.81 9 18 6
May Acker & Kirkbay 148 15 67.41 13 28 16
Sheppard & Miller 174 20 27.91 4 24 10
Khwairakpam 195 22 137.31 23 45 25
Hancu 128 12 24.47 3 15 4
Gao 148 15 5491 11 26 14
Melville & Sutherland 233 26 280759.00 27 53 27
HEC-18-K4 34 5 88.81 19 24 10
HEC-18-K4 -Mu 149 17 40.87 8 25 13
Molinas 244 27 53.51 10 37 19
HEC-18-K4 (Mo) 197 23 68.27 15 38 21
Laursen-Iil 215 25 11216.42 25 50 26
HEC-18 31 4 11.46 1 5 1

37



Pak. J. Engg. & Appl. Sci. Vol.16, Jan., 2015

5. Results and Discussion MOLINAS EQUATION
(2003)

Considering the overall accuracy of all the clear 5
water scour prediction equations given in Table 3, the
equation given by Sheppard & Miller seems to be the
best by all three parameters and has attained the first 4
rank. It is followed by Molinas and Gao equations,
ranked as second and third respectively who have
attained nearly same ranks by all the parameters
individually. Evaluation carried out using SSE for
under prediction error in Table 4 showed that the
equation given by Sheppard & Miller under predicted
the scour depth for nearly 76% data points although
the magnitude of under prediction is not much. 1
Similarly Gao and Molinas equations also did not
performed well for under prediction error. The scatter A
plots of top three equations are also shown in Figure- 0
1, 2 and 3 to verify the statistical evaluation. The
deviation in the behavior of these equations may be
attributed to various factors (e.g. conditions in the
laboratory are different from prototype, the formulas
are derived on the basis that upstream velocity profile
is uniform, the bed around the cylinder is nearly
horizontal, etc.) which are different than which were

w

Computed Scour (m)

Observed Scour (m)

Fig. 2 Relation of computed scour depth to predicted
scour depths for Molinas equation

used in the development of these predictors. GAO EQUATION
(1992)
SHEPPARD & MILLER EQUATION
(2006)
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el >
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Observed Scour (m)

Fig. 3 Relation of computed scour depth to predicted

Fig. 1 Relation of computed scour depth to predicted scour depths for Gao equation.

scour depths for Sheppard & Miller equation
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Conclusions

This study indicates that the Sheppard & Miller
(2006), Molinas (2003) and Gao (1992)
equations give relatively better estimate of local
scour depth around the bridge piers in clear
water condition.

The Sheppard & Miller (2006), Molinas (2003)
and Gao (1992) equations although performed
relatively better when analyzed based on the
overall error using statistical parameters namely
“Sum of squared error”, “Mean absolute error”
and “Root mean square error”. However, the
evaluation of these equations for the under
predicted data gives significant error which
warrant the use of higher factor of safety when
these equations are used.
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APPENDIX 1: Clear Water Scour Depth Prediction Equations at Bridge Piers

Sr. No.

Researcher

Equation

1.

Inglis-Poona-1 (1949)

Yse — 2.32b0.ZZVU.beU.bZ_y
b= pier width (m)
V= mean approach flow velocity (m/sec)

no

Inglis-Poona-11 (1949)

Yse — 1.73b0.21y0. /8_y

Chitale’s (1962)

Yse __5.49F2 + 6.65F, 051
y

Where, F, = Approach flow Froude number =

v
Joy

Laursen-111 (1963)

Y, 7/6
9:5_5(% o)
y y ()

Where, T = Approach flow shear stress
T = critical shear stress at threshold of motion

Shen (1969)

Y. =0.00022 R ;"%
Where, R, = Pier Reynolds number =2

v =Kinematic viscosity of water= 1x10® (m?/sec)

Hancu (1971)

For clear water scour:

INTE
Yse _oaq 2V _4|| V2
b V, gb

For sediment transporting scour (live bed scour):

2 1/3
Y _p4p| Ve
b gb

This equation is only applicable for the values corresponding to
VIV.>0.5
Where, V= critical approach flow velocity (m/sec)

Torsethaugen (1975)

Ye 18 Y _054]Y  for vib<10
b v, b

CSU (1975)

Y..=2 OYKlKzg—U.Zl5y0.135b0.b5V0.43

se — &

K; = Correction factor for pier shape (it is 1.1 for square piers, 1.0 for
circular or round piers, 0.9 for sharp piers, and 1.0 for a group of piers);
K, = Correction factor for the ratio of the pier length to pier width (L/b)
and the angle of the approach flow with reference to the bridge pier

Breusers (1977)

%:f(vlcj 2otanhJ, K,

Where f(—JzO For — <05

| Y2 1| For 05<Y <1
VC VC VC
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f(ljzl For l>l
V,

C

Ks = pier shape factor(it is1.0 for circular and rounded piers, 0.75 for
streamlined shapes, 1. 3 for rectangular piers)

K, = pier alignment factor

10.

Jain & Fischer (1979, 1981)

0.5
Y, = 2.0b(F, — Frc)°-25(%j (F:- Fre) > 0.2 in the live bed condition.

03
Y, :1.85b(F,C)°'25[%J (F;- Fre) < 0 in the clear water condition.

Where F,.= critical Froude number = \/VL
ay

For 0 < (F, - Fyc) <0.2, the larger of the two above computed scour depths
is used.

11.

Melville & Sutherland (1988)

Yo = Ki Kg Ky K, Ks b

Ki = factor for flow intensity

K= 2.4{\/_(\/& _Vc)} if V_(\\/; —Ve) 4
C

C
V_(Va _VC) >1
V,

C
Kd = factor for sediment size
Kq=10, if -2 >25

dSO

Ki=24 if

Kq=057logl224 ) if £ <25

d50

Ky = factor for flow depth
0.255
Ky:o.n{XJ for L <26
b b

K,=10 for ¥ >26
b

Ka = factor for pier alignment
Ks = factor for pier shape

12.

May & Willoughby (1990)

MEEATA
YSC Ysm

Where, f=1 (For circular pier)

1.76

&=1—3.66(1—1J if 052<- Y <10

SC VC VC
&: if l >1.0
YSC C

Ysc =0.55(Xj if Y<27
Y, b b
Yo 10 if Vs 27

sm b
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13. Kothyari (1992) 0.4

-0.25 0.16 2 2
ﬁzl,o(ij {L] VAY_ Vep 503
dso

b dso pfs ds

2 1[50 g o Yo
Where, V¢, =12 (p_fdf’o)(ﬁ} e

V¢, = critical velocity for the motion of sediment particles at the pier
nose,

vs = sediment specific weight,

v¢ = fluid specific weight,

ps = fluid mass density and

o= (B-b)/B the opening ratio,

B = flume width or center-to-center spacing between two piers.

14. Gao (1992) For clear water scour condition;

V-V,
Y. = 078K b0.6 0.15 d—0.07 C
se S y 50 Vc _ Vé

For Live bed scour condition:
, M
Yse — 046 KSbOG y0.15 dgg()? |: V - VC :|

Vc _Vé

0.14 05
Where, V, :(dij {17.6 (pspfp )150 +6.05x107" ( dlz)gz ﬂ
50

K is the simplified pier-shape coefficient (it is 1.0 for cylinders, 0.8 for
round- piers, 0.66 for sharp piers)
V' = the incipient velocity for the local scour at the pier=

d 0.053
V, = 0.645 (ioj V,
b

Vc 9.35-2.23l0g;q dsgg
n=\v,

Vv
15. HEC-18-K3 (1993) Yse — 2.0YKlKZK3g—0.215y0.l35b0.65vo.43

Where, K3 = coefficient which is based on the bed conditions

16. HEC-18-K4 (1995) Y, =20 YKlKZK3K4g’0‘215y0'135b0'65vo'43

Where, K,=[1-0.89(1—V;)?1°°
V, = velocity ratio = {m}
c90 ~ Viso
Viso = approach flow velocity which is required to initiate scour at the
.053
pier for the particle size of dsy (m/sec) = 0.645[0%"]J Veso

V.50 = critical flow velocity which is required for incipient motion of the
particle size of dsp (m/sec).

Veso = 6.19y"® dgg®

Vg0 = critical flow velocity which is required for incipient motion of the
particle size of dgo (m/sec) =  6.19y"/® d3f®

dgo = particle size for which 90 percent of the bed material is finer (m).
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17.

HEC-18-K4-Mu (1996)

Yse =20 YKlKZKSK4g70.215y0.135b0.65V0.43

B V-V )0.15
Where, K,= 0.4(T\295

[dgs }).053

18.

Melville (1997)

Yse = Ky K| Kd Ks Kﬂ. Kg

v Vv
A for A <1

Where, K; = factor for flow intensity = v
1 for v 2 1

b b
O.57Iog(2.24E)forg325
1 for -2 > 25

Kq= factor for sediment size = {
d50

2.4b forg <07
K, = factor for flow depth = {2./yb for 0.7<% <5.0
45y for % >5.0

K, = factor for pier alignment
Ks = factor for pier shape
K4 = channel geometry coefficient= 1 for piers.

19.

Richard May (1998)

Y, b 40 2.07xV
f = k[O.SS(;)O } {o.e( VA H
max=1.0 c max=1.0

Where; for rectangular piers k= 3.2, for round piers k=2.4 and the
maximum value in either of these brackets is 1.0.

20.

Jones & Shepperd (2000)

For clear water scour condition: (0.4svisl.0)
c

b 2\ V,

Also; C = Zk
3
And
-1
66

k =tanh {2.18(%)0 } —0.279+ 0.049exp(loglo l] + Lﬁ)

dso ) logyg dey
For Live bed scour condition: (1.0 < Viﬁ #

Yoo, (Vl\"/c_v)+ Cs
.66
= 2.4tanh[2.18(g)0 }
Mp _
Ve

h (y)o.ee
And C;=2.4tanh| 2.18;

Where Cy=
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\V4
\Y4 .66
if /- = /7 then YT“=2.4tanh[2.18(%)o }

V\p = velocity at which the bed upstream of the pier will become flat and
gives a plain surface

21.

HEC-18-Kw (2001)

Y 0.35
f:z.OKlKZKsKLlKW(%J Fro43

If dsg<2mmor dgs < 20mm, thenK, =1

If dgg=2mmand dgs > 20mm, then
K, =0.4(V,)%"

Where: V, = V=Visso

Vedso — Vicdso
Ky =correction factor for the wide piers in shallows flow

.34 0.6
Ky, :2.58(%)0 FO% for Vic<1

A3
Ky, =1.o(%)0 FO% for X >1

22.

May, Acker & Kirkbay
(2002)

VC
Ye _g |
b —>f (Pshape (Pdepth (Pvelocny (Pangle
Sk is a factor of safety=1.6
Pshape = shape factor (using table)

y 0.60 y
Pdepth = 055&) for 0 <27

y
=1.0 for = > 2.7
Pdepth b

Puelociy =0 for Vl < 0.375

c

(pvemcity:l.G(VlJ—O.G For 0.375< Vls 1.0
C

c

(Pvelocity =1.0 For l > 1.0

C

L 0.62
=|cosa + | — |Sina
Pangle { (b} }

23.

Molinas (2003)

YSE —

b0.66y0.17 -

K KK KK w0 0 <y <1

Where Ky = 0.99; Ky, Ky, and Kj; are the factors already defined; and,
vy = excess velocity factor (dimensionless)

V-V,
Vc_Vi

Y= ; 0<y<l
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1/3,,1/6
Vc = Kchfm

1/3,1/6

Vi =KiDgs "y

Where K= 6.625; K= 2.65; and D= median size of the coarse
material fractions (meters). It is computed from following relation;

Dcfm = 6

K,4= factor for the coarse fraction reduction. It is given by:
K, =125+3 /%wo-ﬁo In(y+05); 0<K,<L 0<y<1
50

By definition, K, and v, both factors cannot have value greater than 1.

24, HEC-18-K4-Mo (2003
(2009) Yee 2 0KK KKK 4 (2P Fr04
b y
Where Ky, K, and Kj are the factors already defined
V0%

For values of V<V, the value of Ki(the factor for initiation of scour)

is 0.

K, =125+3 /%WO-BO In(y+05); 0<K,<L 0<y<1

50

25. Sheppard & Miller (2006) Y.

b V,

C C
Y. v #_vl vV Vy
b—czfl 2.2 Vip_ 2.5f5 i_° for 1<—C< —C
Ve Ve
&:2.2f1 for l> E
bC VC VC
Where;

Shape factor = 1 (circular pier)

=0.86+ 0.97@&—%)4 (for square pier)

a = flow skew angle (radians)

oo
a2

be.
d50
f3 =

bic)LZ (bicyo'lg
0.4(d50 1063

lele_S@
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Vip2 =29.31U,; logyg [ﬂJ
d50
~ {lel for Vi > Vi)
=

Vipa for Vip, 2 Vi

26. Khwairakpam (2012
pam (2012) Yo _ [0.744(%)—0.367]5,50 + [— 2.438(%)+ 2.683]
b
L V
Where Fy50= Densimetric Froude number =
VAgdsg
In sediment- water interaction, the parameters g, p and ps are combined
into one parameter where A=(ps/p)-1
217. HEC-18 (2012)

.35
%=2.0K1K2K3KW(%)0 Fro4
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