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ABSTRACT: Sedimentation is one of the serious problems in water and urban wastewater transport
pipes, which disturbs the transport of water flow. In this study, the capability of the intelligence Gaussian
Process Regression (GPR) approach was investigated in predicting sediment transport in circular
rainwater transport pipes with smooth and rough beds. In this regard, at first, the hydraulic and sediment
parameters which had the most correlation with sediment transport were determined using factorial
analysis. Then, different models were developed using these parameters and were investigated via three
experimental data series. Also, the accuracy of the obtained results was compared with the traditional
techniques. The results showed the high efficiency of the intelligent GPR model in the prediction of
sediment transport in rainwater transport pipes compared to the empirical methods based on non-linear
regression techniques. For the two-mentioned hydraulic conditions of pipes, the model with input
parameters As, Fm, Dgr, d50/y, which are relative sediment size, non-dimensional sediment size, Froude
number of sediments, and total roughness coefficient, respectively, was obtained as a superior model.
The factorial and omitted sensitivity analysis showed that d50/y was the most effective parameter in the
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estimation of sediment transport in both smooth and rough pipes.

1- Introduction

Sediment transport and accurate prediction of its rate are
some of the important issues for hydraulic engineers and
researchers. Due to the complex nature of bedload transport
and the lack of measured data and validated models, it is
difficult to simulate bedload discharge in sewer pipes
carrying stormwater. A large number of classical sediment
transport models have been developed, which describe
the complex phenomenon of the bed sediment transport
process in pipes and channels. May [1] studied the limit of
the deposition state using 77 and 158 mm diameter smooth
pipes flowing full and part-full. Vongvisessomjai et al. [2]
studied the sediment transport for non-cohesive sediment in
uniform flow at the non-deposition state. A semi-theoretical
sediment transport equation at the non-deposition state was
developed by Ota and Perrusquia [3]. In recent years, the
Meta model approaches such as Artificial Neural Networks
(ANNSs), Neuro-Fuzzy models (NF), Genetic Programming
(GP), Support Vector Machine (SVM), and Gaussian Process
Regression (GPR) have been applied in investigating the
hydraulic and hydrologic complex phenomena. Due to the
complexity of the sediment transport and the effect of various
parameters on its prediction, in this study, the capability of
GPR as a kernel-based was assessed for sediment transport
modeling in sewer pipes with smooth and rough beds. The
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models were prepared based on hydraulic characteristics
and properties of the solid load. Then, the accuracy of the
best GPR model was compared with the accuracy of several
existing empirical equations. Also, the factorial and omitted
sensitivity analyses were performed to determine the most
effective parameters in the sediment transport prediction
process.

2- Methodology

In the current study, sediment transport in smooth and
rough bed sewer pipes was investigated using the GPR
method. The GPR models are based on the assumption that
adjacent observations should convey information about each
other. Gaussian processes are a way of specifying a prior
directly over function space. This is a natural generalization
of the Gaussian distribution, whose mean and covariance
are a vector and matrix, respectively. The Gaussian
distribution is over vectors, whereas the Gaussian process
is over functions. Thus, due to prior knowledge about the
data and functional dependencies, no validation process is
required for generalization, and GP regression models are
able to understand the predictive distribution corresponding
to the test input. A GP is defined as a collection of random
variables, any finite number of which has a joint multivariate
Gaussian distribution. For investigating the main effects of

Copyrights for this article are retained by the author(s) with publishing rights granted to Amirkabir University Press. The content of this article
o NG is subject to the terms and conditions of the Creative Commons Attribution 4.0 International (CC-BY-NC 4.0) License. For more information,

please visit https://www.creativecommons.org/licenses/by-nc/4.0/legalcode.

539



R. Gh and K. Roush , Amirkabir J. Civil. Eng., 53(6) (2021) 539-542, DOI: 10.22060/cecj.2020.17406.6553
Table 1. Statistical parameters result for Test series
Performance criteria
Model Testing set Testing set Testing set
R RMSE R RMSE R RMSE
Smooth Rough Mixed data
As, Fm 0.507 0.199 0.445 0.199 0.507 0.199
Dgr, Fm 0.729 0.148 0.659 0.157 0.729 0.148
As, Fm, Dgr 0.873 0.083 0.871 0.092 0.873 0.083
As, Fm, y/dso 0.881 0.080 0.879 0.082 0.881 0.081
As Fm, Dgr,dso/D 0.883 0.079 0.880 0.081 0.883 0.080
As, Fm, Dgr, y/dso 0.940 0.067 0.922 0.066
As , Fm, Dgr, dso/y 0.962 0.052 0.980 0.057
] R 02 - RMSE 1 R~ 0.24 RMSE
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Fig. 1. Comparison of prediction from proposed equations and the best GPR model.

parameters quantitatively, the factorial analysis (FA) was
also performed. FA is originated from experimental design
to explore both the main and interaction effects of several
factors on a response variable [4]. It is particularly useful
when there is a curvilinear relationship between design
factors and the response variable. In fact, FA attempts to
identify underlying variables, or factors, that explain the
pattern of correlations within a set of observed variables. It
is often used in data reduction to identify a small number of
factors that explain most of the variance that is observed in
a much larger number of manifest variables. FA can also be
used to generate hypotheses regarding causal mechanisms or
to screen variables for subsequent analysis.

3- Results and Discussion

In order to evaluate and review the performance of the
developed models and determine the accuracy of the selected
models, three performance criteria named Correlation
Coefficient (R), and Root Mean Square Errors (RMSE)
were used according to Table 1. At first, affected parameters
were determined via factorial analyses then, using these
parameters, several models were developed and tested.
According to the results, superior performance for smooth
and rough beds was obtained for the model with inputs As,
Fm, Dgr, and d50/y. According to Table 1, it seems that for
modeling bedload transport in sewer pipes using relative
flow depth and overall friction factor as input parameters
improved the efficiency of the models. In order to obtain a
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model which could be applied for both smooth and rough
pipes, data sets of smooth and rough beds were used together.
The best models were selected to analyze the new data sets.
The obtained results are listed at the end of Table 1. Based
on this table, using the mixed dataset decreased the models’
accuracy. However, it should be considered that the models
based on mixed data sets are able to cover a wider range
of data. In this case, the sediment transport process can be
studied without regard to the pipe bed condition (i.e., smooth
or rough bed).

The experimental data in pipe channels were used to
evaluate the applicability of several existing equations for
sediment transport. Based on Figure 1, the results showed
that the used formulas didn’t yield reasonable results, while
the results obtained by the best GPR models were close to
the measured data.

According to Figure 2, sensitivity analysis was performed
to determine the most significant parameters in the modeling
process. It was observed that d50/y is the most effective
parameter in sediment transport modeling.

4- Conclusions

The comparison of the developed models’ accuracy
revealed that GPR models had better performance compared
with the semi-empirical models in predicting the sediment
transport in sewer pipes with different bed conditions. Also,
based on the sensitivity analysis, d50/y was found to be the
most effective parameter in the modeling process.
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Smooth bed ARMSE % Rough bed ARMSE %
63.46

59.63

= Fm 113.46 = Fm 96.49
®m Dgr ® Dgr
Es B s
md50/y 71.85 md50/y 66.67
50.54 39.25
Fig. 2. Relative significance of each of input parameters of the best model
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Table 2. Correlation matrix obtained from factorial analysis

Slo yww dso/y Fm Dgr As y/dsg dso/Dgr dse/D Cv
dso/y 1.00 -0.72 0.81 0.59 -0.70 -0.29 0.89 0.66
Fm 1.00 -0.71 -0.45 0.76 0.32 -0.74 -0.49
Dgr 1.00 0.14 -0.70 -0.22 0.88 0.54
As 1.00 -0.42 -0.33 0.44 0.35
y/dso 1.00 0.44 -0.73 -0.48
dso/Dgr 1.00 -0.38 -0.28
dso/D 1.00 0.64
Cv 1.00

Ny ym dso/ y Fm Dgr AS y/ dso dso/ Dgr dso/D Cv
dso/y 1.00 -0.52 0.80 0.43 -0.69 -0.13 0.78 0.83
Fm 1.00 -0.72 -0.32 0.65 -0.15 -0.75 -0.45
Dgr 1.00 0.10 -0.76 -0.14 0.97 0.50
As 1.00 -0.33 0.44 0.20 0.38
y/dso 1.00 -0.09 -0.78 -0.46
dso/Dgr 1.00 0.06 -0.27
dso/D 1.00 0.43
Cv 1.00
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Fig. 1. Statistical parameters of GPR model with different kernels function- smooth bed pipe
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Table 3. Results of the determined models analysis

L) s,z
R RMSE R RMSE
As, Fm 0.530 0.188 0.507 0.199
Dgr, Fm 0.748 0.145 0.729 0.148
As, Fm, Dgr 0.880 0.079 0.873 0.083
Slo iy As, Fm, y/dso 0.890 0.073 0.881 0.080
As Fm, Dgr,dso/D 0.913 0.066 0.883 0.079
As, Fm, Dgr, y/dso 0.960 0.055 0.940 0.067
As , Fm, Dgr, dso/y 0.973 0.041 0.962 0.052
Jygcam As, Fm 0.480 0.196 0.445 0.199
Dgr, Fm 0.698 0.154 0.659 0.157
As, Fm, Dgr 0.875 0.084 0.871 0.092
As, Fm, y/dso 0.895 0.076 0.879 0.082
As Fm, Dgr,dso/D 0.912 0.076 0.880 0.081
As, Fm, Dgr, y/dso 0.953 0.046 0.922 0.066
As , Fm, Dgr, dso/y 0.986 0.032 0.980 0.057
As, Fm 0.530 0.188 0.507 0.199
S Dgr, Fm 0.748 0.145 0.729 0.148
As, Fm, Dgr 0.880 0.079 0.873 0.083
Wesls As, Fm, y/dso 0.890 0.073  0.881 0.081
As Fm, Dgr,dso/D 0.913 0.066 0.883 0.080
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o e 4 g g . e
) dl+] e L o e L
g os o0 g R N4
'.E o4 ;,.,; 5 O E I _E o4+
= 02 | A = ooz f g oozt
. rough bed Ra 0 = smooth bed
0
0 0204 06 0 1 0 02 4 e 08 1 0 02 04 06 08 1
Measured C.. Observed C,. Measured C,
Lr Testing set 1 [ Testing set I 1 Testing set
o1 08 + o d'[lE r = /8
. o o
= 06 | (=] E e r 2 e
% 04 % 'Il-':ri - % u-:4
S osmooth bed 02y roughbed & 02
1] I I I I i 0 L L L . ) 0
0 02 04 06 08 1 0 0204 06 08 1 0 o2 04 06 08 1
Measured C, Measured C, Observed C,

GPR glyal 5l Jols ggmy (29 00 gt (i 9 (1ol g li amylio .Y JSUS

Fig. 2. Comparison of the observed and predicted sediment discharge results obtained
from GPR
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Table 4. Parameters of GEP models used in this study

b ol )y by Lyohl olabiss byl s oleabil
Function set +,-,%,/,V, X% Linking function ~Addition
Fitness function error
Chromosomes 30 type RMSE
Head size 7 Mutation rate 0.044
Inversion, IS and RIS
Number of genes 3 transposition rate, 0.1
One and Two-point recombination rate 0.3 Gene recombination '
and transposmon rate
s gr S (g) A lie .0 Joao
Table 5. Comparison of the artificial intelligence models
L) sz
Ll Je 09 igel al>po Silesl al> e
RMSE R RMSE
L As , Fm, Dgr,
Slo dsoly GPR 0.973 0.041  0.962 0.052
GEP 0.963 0.051  0.945 0.059
i S gm/’yDgr’ GPR  0.986 0.032  0.980 0.057
50
GEP 0.955 0.048  0.921 0.051

sanlie 13,5 dwlxe (RMSE) Juo clas objl lee g i 1y
b gl o 0jlasl 9 7 ()3 olaas e gl pojgeg S olaas b Jao a5 035
Gl & o gox Ngm &l pizmen an> (o0 Sl (68 sl Y
©)go & bl lal il Jobs ol 035 (5855 gls 4 oxie 0y
el CBd 23)5 o odaliie a5 job led .Cawl o o> lis B ol
ol b atle a8 S3IGPR g, 4 cans GEP g, 5| Juols
dass 0f Ol ity gy 3l Jolbs @l & cusl S5 4 a3V b
©ge 4 GPR | ol gls Jg o392 63,0 dlaly L olyon 5 0
4 GEP i ! il dols claJseyp ail oo o g e né

o 5 iy i) (B slaSlas | S 5 345 il 5
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1 Mutation

2 Inversion

3 Recombination
4 Transposition

YFFY



YO+ U YFYD dxdw NF- - JL‘“ Pl o)l.o..«f': HY 0)9d ‘)A.AS).:AI ul)o.c (ewdige Ayl

! 4 Ackers and
Lk White
O - Neilsen
T 0/
_g 0/4 = GPR
g U
L 02 & Laursen
) Mayerle

0o 02 04 e 08 1
Measured Cv

Predicted Cv

1
Smooth bed & Ackers and
08 5 White
- Neilsen
0/6
s GPR
0/4 1
02 4 < Laursen
0 : Mayerle

0o w2 04 0% 0% 1
Measured Cv

GPR 5552 Je g pms )b (52,25 dond s Jg0 5 000 (b Gy 9 (Falibe gl du e Y IS0
Fig. 3. Comparison of observed and prediction from bedload semi-empirical equations and the best GPR model
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Fig. 4. Comparison of statistical parameters between semi-empirical equations and the best GPR model
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