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ABSTRACT

Bridge pier scouring is an important issue for safety evaluation of bridges. The existing equations for bridge
pier scour prediction are mostly deterministic in nature, which do not incorporate the uncertainties in
various parameters of scouring. A methodology for reliability analysis of bridge pier against scour in cohesive
sediments incorporating the uncertainties of the model and input parameters are presented herein using
efficient spreadsheet algorithm for first order reliability method (FORM). The influence of uncertainties,
the nature of probability distribution and correlation of basic input parameters on failure probability and
reliability index has been studied and described briefly herein. A sensitivity analysis was also carried out to
obtain the effect of the individual random variables on the reliability of pier scour. To achieve the desired
safety level in the design of pier foundation, the reliability-based safety factor is proposed.
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INTRODUCTION

The removal of soil material surrounding a bridge foundation (piers and abutments) caused by flowing water is
termed as local scour. High flow of water erodes and carries away material not only from around the piers and
abutments of bridges but also from the bed and banks of streams. However, the rate of scour does not equal for
all types of the bed materials but it is different for different materials. The scouring process is not only affected by
nature and type of bed materials but it also depends upon type, shape, size of obstruction and on the angle of
attack. The safety evaluation of bridges are very important issue. The pier foundation should be deeper than
maximum possible scour depth for the safety of bridges. Hence for safe and economical design of a bridge pier
foundation, a reliable assessment of possible scour depth is required.

Ettema (1980), Jain (1981), Raudkivi (1986), Melville and Sutherland (1988), Melville (1997), Coleman and
Melville (2001), Muzzammil and Gnagadhariah (2003), Link (2004), Sheppard and Miller (2006) carried out
comprehensive experimental investigation and they proposed model for prediction scour depth around bridge
piers in noncohesive bed materials. Various form of soft computing techniques have been used to develop more
refined scour prediction models at various types of hydraulics structures (Shin and Park, 2010; Balouchi et al.,
2015; Ebtehaj et al., 2017; Ghazanfari-Hashemi et al., 2011; Sharafi et al., 2016; Moradi et al., 2017).
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A limited study on scour around bridge piers in cohesive sediment have been reported (Briaud et al., 1999; Ting
et al., 2001; Molinas and Hosny, 1999; Ansari et al., 2002; Debnath et al., 2007a; Debnath and Chaudhuri, 2010).
It may probably be attributed to complex interaction of cohesive sediment transport with the vortex scour
mechanism. Briaud et al. (1999) and Ting et al. (2001) conducted an experiment around a circular pier and
concluded that the maximum scour depth (dg) obtained from vatious experiments were approximately similar as
that calculated by HEC-18 equation for sand (Richardson and Davis 1995). Molinas and Hosny (1999) carried out
an experimental study and proposed an empirical equation for maximum scour depth (dg) as function of Clay
content (C) and flow Froude number (F.). They reported that as increase in C results in decrease in maximum
scour depth (dg) whereas an increase in moisture content (W,) will cause an increase in maximum scour depth.
Ansari et al. (2002) conducted an experimental investigation and suggested two different scour depth prediction
model for maximum scour depth (dy) in different range of input parameters. They further concluded that the
scouring started from sides of the pier and spread in direction of upstream for a range of € (0.05 — 0.1) and follow
the same pattern for a range of € (0.2 —0.4), whereas for C > 0.5, insignificant scour occurred at the pier. Debnath
and Chaudhuri (2010) catried out an experimental study for computation of scour depth in a clay-sand mixed bed
around circular bridge piers. They observed that the scour depth reduced due to presence of clay in clay-sand
mixture. They proposed a scour depth prediction model in dimensionless form as a function of pier Froude
number, clay content, moisture content and bed shear strength. The soft computing techniques such as gene
expression programming (GEP) have been applied by Danish (2014), Muzzammil et al. (2015a) and group method
of data handling (GMDH) used by Muzzammil et al. (2015b) and Danish et al. (2016) for modelling of scour depth
on cohesive bed for the refinement of the scour prediction model.

It is well known that the basic parameters involved in scour depth prediction models are random in nature and
have uncertainties of various magnitude. The scour depth prediction model itself may also have model uncertainty.
A reliability analysis is a better option to incorporate these uncertainties and provide a quantitative assessment of
safety factor for pier against scouring.

The reliability analysis were applied by Johnson and Ayyub (1992), Johnson (1992), Johnson and Dock (1998),
Ghosn and Johnson (2000), Yanmaz and Ustun (2001), Yanmaz (2002), Johnson and Niezgoda (2004), Siddiqui et
al. (2004), Muzammil et al. (2006), Muzzammil and Siddiqui (2009), Adeel et al. (2016) and Khalid et al. (2017).
The probabilistic scour depth prediction of bridge pier initially raised by Johnson and Ayyub (1992) and presented
a reliable method by including uncertainties involved in various basic parameters. They used advance Monte Carlo
simulation technique for computation of failure probability of bridge piers. Johnson (1996) carried out linear fuzzy
regression to find out modeling uncertainty. The HEC-18 model used by Johnson and Dock (1998) for reliability
analysis using the hydraulic variable of enormous storm event. A reliability-based scour depth prediction model
developed by Ghosn and Johnson (2000) considering the mutual effect of earthquake and scour. Muzzammil et.al.
(20006) carried out a probabilistic approach based on Coleman and Melville (2001) scour model. Khalid et al. (2017)
carried out reliability analysis of Sheppard and Miller (2006) scour depth prediction model under live bed condition.

The conventional method of reliability analysis seems moderately straightforward, and evaluation of the
integrals involved in this method is difficult. It is further difficult to find the nature of distribution of the random
variables. It is a tough task to find the joint probability distribution of all the random variables which are responsible
for scouring in the field. The approximate and simulation methods have been developed to incorporate above
difficulties such as the First Order Reliability Method (FORM) and Monte Carlo Simulation Method (MCS). The
FORM demonstrated by Ayyub and Haldar (1984) is easy and computationally effective technique as compare to
MCS method.

The main objective of the present study is to develop a reliability-based scour depth for local scour at bridge
pier in cohesive sediment. The first order reliability method (FORM) has been used for the reliability analysis. The
effect of uncertainties and the probability distribution of basic input parameters on failure probability and reliability
index has been studied in detail. An attempt was also made to study the influence of correlation among input
parameters on reliability and the failure probability of the bridge pier. A sensitivity analysis has been cartried out to
study influence of random variables on the safety of pier scour. To obtain desired level of safety in the design of
pier foundation, a reliability-based safety factor has been developed.

DETERMINISTIC SCOUR DEPTH PREDICTION MODEL

Hosny (1995), Gudavalli (1997), Molinas and Hosny (1999), Briaud et al. (1999), Ansari et al. (2002) and
Debnath and Chaudhuri (2010) carry out a study on scour around bridge pier in cohesive bed and developed
deterministic scour prediction models.
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Table 1. Range of data obtained from experimental study

Data range

S.NO Parameters — - Mean
Minimum Maximum

1 D (m) 0.06 0.12 0.09
2 Ep 0.215 0.515 0.29
3 C 0.050 0.350 0.19
4 |74 0.192 0.387 0.22
5 75 (N/em?) 0.110 0.920 0.527
6 V (m/sec) 0.227 0.484 0.28
7 ds (m) 0.011 0.187 0.088

Table 2. Comparison of performance index of between present scour depth model and Debnath and
Chaudhuri (2010)

Performance Index Present scour depth model Debnath and Chaudhuri (2010)
R 0.86 0.83
MPE -13.49 -10.06
MAD 0.16 0.18
RMSE 0.19 0.25

Debnath and Chaudhuri (2010) conducted an experimental study in a tilting flume of 18.3 m long, 0.9 m wide
and 0.9 m deep at a constant slope of 0.001. The range of various parameters and their mean values are provided
in Table 1.

The scour depth prediction model developed by Debnath and Chaudhuri (2010) from experimental study for
local scour around circular pier in clay-sand mixture is reproduced here in the following form:

E—82F°'79C‘°-28W°-15 s \ 0 M)
p TP ¢ \pv2

where dg = Maximum equilibrium scour depth; D = Pier diameter; F., = Pier Froude number; C = clay fraction
by dry weight of mixture; W, = moisture content by weight of dry mix; Tg = bed shear strength; p = mass density
of water; V = depth average velocity. The dimensionless scour depth, dg/D, is referred herein as relative scour
depth.

Laboratory scour data obtained from the Debnath and Chaudhuri (2010) has been reanalyzed here just to get
more refined scour depth prediction model using Minitab software expressed as

ds 0.53—023py028 (_Ts ) 20 2
= = 477EYSC0BW, <W> @)

A comparative study between present and Debnath and Chaudhuri (2010) scour depth prediction models in
terms of performance indices such as correlation coefficient (R), mean percentage error (MPE), mean absolute
deviation (MAD) and root mean square error (RMSE) has been catried out. The expressions for R, MPE, MAD
and RMSE have been provided in Appendix. The computed performance indices are shown in Table 2. This
table indicates that the performance of present scour depth prediction model is slightly improved as compared
with that of Debnath and Chaudhuri (2010).

A scatter diagram between the relative observed and predicted scour depth has also been shown in Figure 1.
This figure also indicates that the present scour prediction model is better than that of Debnath and Chaudhuri
(2010).

The parameters used in Eq. 2 are random in nature and hence these parameters would have uncertainties
associated with probability of occurrence. Hence to incorporate these uncertainties a probabilistic approach is
required.
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Figure 1. Comparison of relative observed and relative predicted scour depth (in m)

PROBABILISTICS SCOUR DEPTH PREDICTION MODEL

The reliability analysis of any structure is basically a probabilistic approach which predict the probability of limit
state violation at any stage of a structure during its entire life. In case of bridge pier scour, if the scour depth (d)
exceeds the depth of foundation (dy), it is said to be limit state violation. The mathematical representation of a
certain limit state of failure is known as limit state function. If limit state function gives a negative or zero value it
will be in failure region and a positive value for safety. Thus, the probability of limit state of violation may be define
as;

Pr = Plg(x) < 0] ©)
where g(x) is the limit state function. The limit state function in the present case may be expressed as;
g(x) = dr —d; *

It is obvious from above equation that structure failure occurs if local maximum scour depth d; is equal to or
greater than depth of foundation df. The expression for d in the limit state function is now written as,

T. \~025
g(x)=df—4.77115;%53C_0'23WC0'28(p%) D )

Here A, D, Fpp, C, W, T5, p, V, and df are random variables. A is a model correction factor and express as the
ratio of the observed to predict scour depth (Johnson, 1992).

METHOD OF RELIABILITY ANALYSIS

The First Order Reliability Method (FORM) has been used for reliability assessment of the bridge pier against
scouring. The (FORM) makes use of the first and second moments of the random variables. It is based on the first
order Taylor’s series approximation of the performance function linearized at the mean values of the random
variables. The FORM based on the spreadsheet-cell object-oriented constrained optimization approach developed
by Low and Tang (2007) has been implemented in the present study.

Spreadsheet Algorithm for First-Order Reliability Method

Low and Tang (2007) present the excel spreadsheet platform which avoids the computations of equivalent
normal means and equivalent normal standard deviations.
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The matrix formulation of the reliability index f is

B = minep/(x — )TC1(x — p) ©6)

Or, equivalently

. xi_ﬂi>T _ (xi_ﬂi>
= R 1 7
B = mines (1) s (421 o

where x = vector representing the set of random vatiables x;; 4 = vector of mean values y;; € = covariance
matrix; R = correlation matrix; 0; = standard deviation; and also F denotes failure Region. Eq. 7 is preferred
because correlation matrix is easier to set up.

For nonnormal variable, equivalent normal mean and equivalent normal standard deviation are calculated in
such a way that the cumulative probability, as well as the probability density ordinate of the equivalent normal
distribution to those of the corresponding nonnormal distribution are same.

Equivalent normal mean
uh =x— oVl [F(x)] ®

Equivalent normal standard deviation

N:

T [ortreon) )
fx)
where X is original nonnormal variate; ¢ ~1[-] is inverse of the cumulative probability density function of standard

normal variates; F (x) is original nonnormal CDF; f;[-] is PDF of standard normal variates and f (x) is original
nonnormal PDF.

If it is assumed that n, = xi;_#i, the Eq.7 may be reduced to
B = minyepy/ [n"][R]}[n] (10)
Eq.8 may be expressed as
Xi — Hi -
T = 0 P ()]
Oi (11)
x;=F o)

Thus, each x; values may be computed by varying the values n; instead of varying x; which is described in Low
and Tang (1997; 2004). The reliability index f was computed directly by using Eq. 10 in excel sheets by using an
array formula.

“ = sqrt (mmult (transpose (nx), mmult (minverse (crmat),nx)))” followed by “Enter” while holding down the
“Ctrl” and “Shift” keys in which mmult, transpose, and minverse is Excel’s built-in functions, each being a
container of program codes for matrix operations. The first and third terms under the square root sign in Eq. 10
are the equivalent standard normal vector and, being functions of x;. In this approach, the equivalent standard
normal vector will be varied automatically during EXCEL SOLVER’s constrained optimization hence label n; is
used.

The objective is to find the value x; such that the nonnormal cumulative probability distribution F (x;) at x; is
equal to the standard normal cumulative distribution @ (n;). The design point (x*) on failure surface can be
obtained by minimizing the f taking a constraint g(x) = 0 in EXCEL SOLVER. The initial each value of n; may
be taken as zero.

There is no need for calculation of equivalent normal mean and equivalent normal standard deviation as in
conventional method. It is therefore faster and involves less SOLVER iterations for optimization. It is also much
more robust and efficient.
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Table 3. Statistics of basic variables considered in the present study

S.NO. Parameters Distribution Mean Cov
1 A Normal 1.00 0.06
2 D (m) Normal 0.09 0.05
3 Ep Lognormal 0.29 0.003
4 C Normal 0.19 0.010
5 w, Normal 0.22 0.002
6 75 (N/m?) Lognormal 5271.42 0.06
7 V (m/sec) Lognormal 0.28 0.170
Table 4. Correlation matrix of basic variables considered in present study
Parameter A D(m) Fp C Wk T, (N/m?) V (m/sec)
A 1.00 0.00 0.00 0.00 0.00 0.00 0.00
D (m) 0.00 1.00 -0.61 0.04 0.35 -0.05 0.09
o 0.00 -0.61 1.00 -0.04 -0.12 -0.006 0.72
9 0.00 0.04 -0.04 1.00 0.15 0.96 -0.02
We 0.00 0.35 -0.12 0.15 1.00 -0.03 0.14
7, (N/m?) 0.00 -0.05 -0.005 0.96 -0.03 1.00 -0.04
V (m/sec) 0.00 0.09 0.72 -0.02 0.14 -0.04 1.00

Table 5. Relationship of reliability index and failure probability with safety factor for mixed distributions

Uncotrelated variables

Correlated variables

Safety factor

Reliability index Failure probability Reliability index Failure probability
1.00 0.11 0.45 0.09 0.46
1.10 0.84 0.20 0.65 0.25
1.20 1.50 0.06 1.17 0.12
1.30 2.10 0.01 1.65 0.04
1.40 2.67 0.003 2.09 0.01
1.50 3.19 0.0007 2.50 0.006
1.60 3.68 0.0001 2.88 0.001
1.70 4.14 0.00001 3.24 0.0006

Table 6. Relationship of reliability index and failure probability with the safety factor for normal

distributions

Uncotrelated variables

Correlated variables

Safety factor

Reliability index Failure probability Reliability index Failure probability
1.00 0.00 0.49 0.00 0.49
1.10 0.75 0.22 0.59 0.27
1.20 1.50 0.06 1.17 0.12
1.30 2.23 0.01 1.75 0.04
1.40 2.96 0.001 2.32 0.01
1.50 3.68 0.0001 2.89 0.001
1.60 4.38 0.000005 3.45 0.0002
1.70 5.07 0.0000002 4.00 0.00003

APPLICATION OF RELIABILITY ANALYSIS

To illustrate the present formulation, the statistics of data obtained by Debnath and chaudhuri (2010) has been

used for reliability analysis and shown in Table 3. The probability distribution of the random variables have been
assumed. The correlation matrix among the random variables have been shown in Table 4. The reliability analysis
was carried out on Excel sheet based on spreadsheet approach developed by Low and Tang (2007). Results
obtained from reliability analysis are provided in Table 5 and Table 6 in terms of reliability index () and failure
probability (Pr).

The safety factor (SF) has been defined herein as the ratio of the depth of foundation to the scour depth and
expressed as

_ Y
d,

The safety factors (SF) are generally used to incorporate design uncertainties and protect them against the
failure.

SF (12)
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Figure 2. Variation of failure probability (Pf) with safety factor (SF)

Table 5 represents the variation of reliability index and probability of failure with safety factor for uncorrelated
and correlated random variables. It shows that the failure probability decreases and reliability index increases with
an increase of safety factor. It may also be observed that the failure probability for correlated variables is higher
than the uncorrelated variable for a particular values of safety factor.

Table 6 shows the result of reliability analysis for only normal distribution of random variables. To study the
influence of probability distribution of random variable, variation of failure probability with safety factor from
Table 5 and Table 6 have been shown in Figure 2. It shows that the failure probability for a safety factor 1.7 are
0.0000002 and 0.00001 for normal and mixed distribution respectively for uncorrelated variables. It may be
concluded that the nature of probability distribution of random variables has a significant effect on the safety of
pier in the present case.

Sensitivity Analysis
The sensitivity analysis was carried out to study the influence of various random variables on reliability of scour
depth. The sensitivity factor, «; measures influence of various random variables on system safety and defined as;

()
% 0X;

a = ——F—— (13)
ERCNCT]

The above-defined sensitivity factors have the subsequent characteristics;

1. The higher value of a; more is the effect of that random variable on reliability.

2. The negative value of a; represents resistance variables and positive value for load variables.
3. If aq, ay, a3, ..., @y are the sensitivity factor for n random variable then

zn:al? =1 (14)

The sensitivity analysis for the various parameters are shown in Figure 3. The sensitivity factor for model
correction factor, pier diameter, Froude number, velocity of flow are positive, hence, these are the load variables
and it will provide favorable conditions for scour. The sensitivity factors for other parameter is negative, hence
these are the resistance variable and contribute the resisting part of limit state function. The sensitivity analysis also
indicate that the Froude number and velocity of flow are most significant parameters, followed by pier diameter
and model correction factor. It is noted from the sensitivity analysis the correlation among the variables increase
the adverse effect on reliability.

© 2018 by Authot/s 7/ 11



Khalid et al. | Reliability Analysis of Local Scour at Bridge Pier

0.9000 BUncorrelated variables

O Correlated variables
0.7000
0.5000

0.3000

0.1000 Iml
— 7 |=| Ty ™1

-0.1000 A D | Frp :1|-“l Wc %1”_" \Y %u]]]

-0.3000

Sensitivity factor

Parameters

Figure 3. Sensitivity factor of random variables for mixed distribution

4.8
—+— Model correction factor
—e—Pier diameter
43 1 —8—Froudenumber
—x—Clay fraction
S —— Water content
2 3.8 —2—Bed shear Strength
> —o— Velocity of flow
S 33
L e
(5]
o
2.8
2.3

0.5 0.7 0.9 1.1 1.3 1.5
uncertainty in scouring parameter

Figure 4. Variation of reliability index with uncertainties of the scour parameters

Effect of Uncertainty on Scouring Parameters

The influence of uncertainties of random variables on reliability index have been carried out. The influence on
the reliability index due variation in uncertainty of scouring parameters from 0.5 to 1.5 (i.e. 50 % to 150%) has
been shown in Figure 4. It may be observed that the reliability index increases with the decrease in uncertainties
from 100% to 50% whereas it decreases with an increase in uncertainties from 100% to 150 % for all random
variables. The reliability index decreases rapidly for Froude number and velocity of flow as compare to other
parameters but the decrease in reliability index for velocity of flow is slower as compare to Froude number. The
other remaining parameters have little effect on reliability index. It is already verified by sensitivity analysis, these
parameters do not contribute more effect on scour.
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Relationship between Safety Factor and Reliability Index

The relationship between safety factor and reliability index of a bridge pier has been shown in Figure 5 for
random variables. It shows that reliability index increases lineatly as safety factor increases. It is clear from the
figure that the distribution has insignificant effect on reliability index for lower values of safety factor but for higher
values of safety factor it has significant effect.

An equation has been developed for computation of the safety factor (SF) with a coefficient of determination
R? = 0.9943 in terms of the reliability index for mixed distribution and expressed as

SF = 0.17378 — 0.9542 (15)

The relation is not for general use, because it is based on a limited data set and assumes values of probability
distribution. Other important issues such as the effects of foundation type, cost, or the consequences of failure are
not adequately considered in the derivation. However, this relation may be adopted for decision for the appropriate
safety factor.

CONCLUSIONS

An efficient spreadsheet based algorithm for First Order Reliability method (FORM) has been implemented in
the present study for probabilistic approach of bridge pier scour prediction in cohesive sediment for uncorrelated
and correlated variables. It was found that the reliability index increases with an increase in the safety factor,
whereas an increase in safety factor causes the decrease in failure probability. The probability of failure is found to
be higher for correlated variables as compared to that of uncorrelated variable. It was also found that the nature
of probability distribution of random variables has a significant effect on the safety of pier. The clay fraction and
moisture content was found to be as a resisting factor on reliability. Froude number was found to be a dominant
parameter on the bridge pier failure. A relation for safety factor has been proposed in terms of reliability index for
computation of reliability-based safety factor in the present analysis.
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APPENDIX

iv=1(dsoi - &soi)(dspi - &spi)

R= - — — (AD)
Zi=1(dsoi - dsoi) ' Zi:l(dspi - dSpi)
MAD = [ZIiV=1|dso ~ dSp” (A2)
N
N
1 ds, —d
MPE =—| Y =221 %100 (A3)
N I dSO
i=1
N
1 2 A4
RMSE = N z(d” —dgp) (A4)
i=1
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