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Abstract

Introduction: The scour at the downstream of the structure may cause structural instability
and finally structural damage. Therefore, it is necessary to estimate and predict the depth of
scour downstream of structures before constructed. Empirical equation to predict the depth of
scour is always has error and reduces the accuracy of the results. Therefore, in last decade, the
method of combining models has been used to increase the accuracy of predictions in different
sciences. Instead of choosing the best single model for a specific condition, which is a
traditional task, it is recommended to use a single model combination method, which will
result outputs of the combination model is better in all conditions. The purpose of this study
is to estimate scour depth using different combination methods by combining empirical
equations (single). The single equations were also compared before and after bias correction.

Methodology: In this study 306 data set are used, including 264 laboratory and 42 field data.
Randomly, 75% (230 data set) of the total data were choose for training and the remaining 25%
(76 data) were choose for testing the combination models. Different technique including Shu
and burn, EWA, GRA, BGA, AICA, BICA, KNN and LS-SVM have been used to combine
single model. Bias correction has been performed to each model before using combination
models. It was determined by the ordinary least squares estimator (OLS) using training data
set in each model.

Results and discussion: In this study bias correction was perform on single model. In general,
the slope and intercept of the single equation indicate that the scour depth predicted by a
single equation is greater than measured scour depth. The best estimation before bias
correction is Mason and Arumugam and the National Institute of Hydraulic Laboratory
Science and Technology (National Institute) equation. The National Institution's equation is
chosen as the best single model before bias correction. After bias correction, the error of all
single equations has been reduced and Mason and Arumugam equation with correlation
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coefficient of 0.74 and error value of 0.23 m has the highest correlation and least error among
single equations. The error values of the Machado, Martins, and National Institute equations
are approximately the same, with very little difference (about 0.01) with the Mason and
Arumugam equation. The results showed that after bias correction the Mason and Arumugam
predicted scour depth more accurately and selected as the best single equation after bias
correction. The equations of Martins, Machado, National Institute, Mason and Arumugam,
D’Agostino and Ferro were considered as inputs (independent variable) and scour depth as
outputs (depended variable) of combination methods. Before bias correction, the correlation
coefficient and error of the direct weighting methods showed that the GRA method has the
least error in predicting scour depth (RMSE = 0.25) and the W2 method has more error than
this method (RMSE = 0.31). Comparison of direct weighted combination methods with single
equations before bias correction showed that the GRA method has much less error than the
best single equation (National Institute). The AICA and BICA combination methods provided
the best estimate before bias correction in indirect weighting methods and the results are
similar to the best single equation before bias correction (R2 = 0.70, RMSE = 0.87). All three
indirect weighting methods produce approximately the same results after bias correction. The
error of indirect weighting methods decreased about 70% after bias correction compared to
pre-correction. The results showed that artificial intelligence combination method (LS-SVM)
scour depth prediction after bias correction are similar to the results before bias correction.

Conclusion: Due to the scour depth uncertainty estimation by the empirical equations, the
purpose of this study was to estimate scour depth downstream of structures using
combination of empirical equations (combined methods). The National Institute and Mason
and Arumugam equations was selected as the best single (empirical) equations before and
after bias correction, respectively. The accuracy of combination methods increased because of
low accuracy of single equations before bias correction, but after bias the accuracy of
combination methods did not much change with single equations. Comparison of direct
weighting methods showed that GRA is the best method and has much less error than the best
single equation before bias correction, but after bias correction the EWA method is the best
combination method and its almost similar to the best single equation after bias correction.
The results of the artificial intelligence method (LS-SVM) were same as the local weighting
method before and after bias correction. LS-SVM was able to greatly increase the accuracy of
the estimation by combining the single equation before bias correction, but after bias correction
the effect of the combination of the individual relations was reduced and the scour depth
estimation as same to the single equation.
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Fig. 1 Sketch of the scour downstream of grade control
structures (Guven and Gunal, 2008)
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Table 4 Bias correction coefficient of individual relations

National Institute of Science and

Bias correction Martins Mason and D’Agostino and
- Machado (1980) Technology Laboratory of
coefficient (1975) Hydraulics (1981) Arumugam (1987)  Ferro (2004)
a 0.080 0.069 0.068 0.066 0.198
b 0.336 0.288 0.375 0.360 0.263

4 Mean bias error
5 Over estimate
6 Under estimate

1 Bias Correction
2 Correlation Coefficient
3 Root Mean Square Error
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Table 5 Correlation coefficient and error of empirical relationships of scouring before and after bias correction

Train Test
Individual models Before bias correction After bias correction Before bias correction  After bias correction
R2 RMSE MBE R2 RMSE MBE RZ RMSE MBE RZ RMSE MBE
) (m) (m) () m m ) (m (m) () (m (m)
Martins (1975) 0.77 1.12 0.60 0.77 026 0.00 0.72 0.98 0.57 0.72 023 -0.01
Machado (1980) 0.75 1.41 0.80 075 027 000 073 131 0.79 0.73 023 -0.01
National Institute of
Science and
Technology 0.76 0.97 0.2 0.76 026 0.00 0.70 0.87 0.49 0.70 024 -0.01
Laboratory of
Hydraulics (1981)
Mason and
Arumugam (1987) 0.73 1.02 0.57 073 028 0.00 074 0.97 058 074 023 0.00
D’ Agostino and 066 131 043 066 031 000 046 124 038 046 033 -0.02

Ferro (2004)
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Fig. 2 Comparison of measured and predicted scour depth of different researchers’ empirical relationships: (a) before bias
Correction and (b) after bias correction
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Table 4 Coefficients of combination methods
National Institute of Science and

Technology Laboratory of Hydraulics

Masonand  D’Agostino and
Arumugam (1987) Ferro (2004)

Combination Martins Machado
methods (1975)  (1980)

(1981)

W2 -0.89 -0.93 1.81 0.52 0.12

EWA 0.2 0.2 0.2 0.2 0.2

GRA -3.53 -4.47 6.75 2.1 0.23

BGA 0.22 0.21 0.22 0.19 0.15

AICA 0.52 0.30 0.01 0.16 0.01

BICA 0.52 0.30 0.02 0.16 0.00
el bl s 5 8 oS i e sla g, @l S sla Ty hlo eoliiul )90 (oS 5 slaghs,
oads &L Y Jguz jo calixe ‘_g)LeT sl arls ol AICA 55 slavs, ol Egoze il oo
ol sy &S aslb S wb BGA 4 EWA  BICA

b_f.;')|C)Lo‘}‘..\.qgJﬁ;ﬂbmsﬁ;)}LngJMdLbBM%féﬁomvJsu\.‘?
Table 7 Correlation coefficient and error of differential combination methods before and after bias correction

Train Test
. .. Before bias correction After bias correction Before bias correction After bias correction
Combinati R? R? R? R?

Or? (dimension RMSE MBE (dimension RMSE MBE (dimension RMSE MBE (dimensionless RMSE MBE
methods less) (m)  (m) less) (m)  (m) less) (m)  (m) ) (m) (m)
direct weight

W2 0.78 0.31 -0.13 0.77 0.34 -0.15 0.62 0.31 -0.15 0.72 0.31 -0.16
EWA 0.77 1.11 0.59 0.77 0.25 0.00 0.71 1.01 0.56 0.72 0.23 -0.01
GRA 0.80 0.24 0.01 0.80 0.24 0.03 0.69 0.25 -0.01 0.70 0.24 0.01

Indirect weight

BGA 0.77 1.07 057 0.77 0.25 0.00 0.72 0.97 0.55 0.73 0.23 -0.01
AICA 0.76 0.97 052 0.77 0.26 0.00 0.70 0.87 0.49 0.74 0.23 -0.01
BICA 0.76 0.97 0.2 0.77 0.26 0.00 0.70 0.87 0.49 0.74 0.23 -0.01

Local weight
KNN 0.32 0.44 -0.23 0.29 0.45 0.02 0.80 0.19 -0.01 0.81 0.19 -0.01
Artificial intelligence
LS-SVM 0.95 0.12 0.00 0.95 0.12 -0.03 0.84 0.18 0.01 0.83 0.18 0.01
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