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Abstract: This study of bed-load transport was undertaken on the basis of laboratory data in two states, i.e., limit of deposition
and deposited bed, by using new design criteria, whereby, compared to earlier similar studies, fewer parameters were considered,
yet with almost the same or in some cases an even greater level of accuracy. The modified criterion in the new design for transport
in the limit of deposition was using only three dimensionless parameters, i.e., Froude number, volumetric concentration of sedi-
ment, and relative size of the grain. But the new design criterion applied to the deposited bed case used four dimensionless pa-
rameters, i.e., three parameters used for the preliminary case besides the relative thickness of sedimentation. Compared with other
known relationships in sediment transport, the produced equations introduced here yield better results than previous studies. With

the lessened number of parameters, the results are much easier to obtain.
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1 Introduction

The need to revamp sewer conduits to collect
and safely discharge wastewater has been felt for
some time. One extant problem in almost all sewer
systems is the deposition of suspended solids, as bed-
load, at different sections. The long-term deposit of
sediments in wastewater systems increases the risk of
their transformation and ultimately their consolida-
tion and cementation. In particular, the permanent
deposits on the pipe bed during dry seasons cause
changes in the cross section such as roughness that
affects the velocity distribution and consequently the
distribution of the boundary shear stress. Thus, de-
posits affect the sediment carrying capacity and the
hydraulic resistance of the wastewater conduit.

The wastewater system must convey the existing
flow in the network under different hydraulic conditions
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of the plan period. The wastewater collection system
must be as free as possible of any deposits. The flow in
the wastewater collection and conveyance systems is
a free surface and these networks are generally de-
signed and calculated for the estimated ultimate con-
tributory population. In the initial years there will be
an expected shortage of flow while the subscribers
connect to the network. Moreover, the design of a
combined wastewater system must allow for the col-
lection of both wastewater and the surface runoffs.
During dry seasons, water levels decrease and the flow
rate in the sewers slows down. Therefore, these sys-
tems always face the problem of sediment deposition.

Based on the minimum velocity or minimum
shear stress at a specified depth of flow or period, two
simple criteria, which are generally used as source,
have been defined in different countries for estima-
tions in preventing sedimentation at different flow
sections under the non-deposition conditions (Ashley
et al., 2004). In the USA the minimum velocity must
be 0.60 and 0.90 m/s for foul and storm sewer types,
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respectively; in France the values are 0.30-0.60 m/s;
in the UK the values must be 0.75 and 1 m/s for storm
and combined sewers, respectively; and the European
standard, EN-752-4 (CEN, 1997), gives a key value
of 0.70 m/s at least once a day. For the shear stress, the
values vary over a wide range that are, for example,
2-4 N/m” in Norway, 1-1.5 N/m” in Sweden, 2.50 N/m’
in Germany, and 6.20 N/m’ in the UK. There is no
recommended value for this parameter in France.
Ashley et al. (2004) pointed out that American civil
engineers’ professional rules give minimum values
varying from 1.3 to 12.6 N/m”. Many previous studies
have shown that a single value of minimum velocity
or shear stress is not adequate to be used for deter-
mining the self-cleansing conditions in pipes of dif-
ferent size, roughness, and gradient for the whole
range of sediment characteristics and flow conditions
found in sewers. Therefore, to design the proper
self-cleansing velocity, different parameters, such as
concentration and size of sediments, depth or hy-
draulic radius of the flow, and roughness and diameter
of the pipe, should be considered to allow the designer
to obtain the minimum velocity according to regional
conditions.

Extensive theoretical analyses and experimental
work on sediment transport of non-cohesive sedi-
ments were carried out in channels by different re-
searchers. Novak and Nalluri (1975) divided the pa-
rameters that affect the sediment transport in circular
and rectangular canals into two groups, those of
transport and flow. They expressed their proposed
equation as the relationship between the transport and
flow parameters. May (1982) also carried out studies
at the limit of deposition in smooth pipes with full and
part full flows where the transport was in the form of a
bed-load. He developed a theoretical bed-load
transport model that is based on forces acting on in-
dividual sediment particles transported at the limit of
deposition. Mayerle (1988) studied the limit of dep-
osition at part-full flow conditions in a smooth pipe
and in two rectangular channels. The rectangular
channels were tested for both smooth and rough bed
conditions. Loveless (1992) presented a theoretical
model for the transport of bed-load at the limit of
deposition based on the forces acting on a single par-
ticle. He was somehow trying to improve May
(1982)’s relationship to underline the importance of
the effective transport width at the limit of deposition,

as raised by Ackers (1984). Nalluri et al. (1994)
carried out an extensive experimental investigation of
sediment transport in channels and developed em-
pirical equations with high correlation coefficients.
By using Alvarez-Hernandez (1990) and El-Zaemey
(1991)’s data, Nalluri et al. (1997) made an assess-
ment of the existing sediment transport equations.
Nalluri and Ota (2000) developed a new model for the
sediment transport at the limit of deposition criterion
based on physical concepts. Similarly, Ota and Nal-
luri (2003) suggested a relationship for large sewers
which is applicable to the limit of deposition criterion
over rigid beds. This model leads to more economical
solutions than the previously developed best fit de-
terministic models. May (2003) developed a design
method on sediment movement in horizontal or
nearly horizontal pipes. Almedeij and Almohsen
(2010) offered some remarks on the Camp’s criterion
and proposed a lower limit of flow strengths above
which the method may warrant the development of a
more efficient storm sewer system. Enfinger and
Mitchell (2010) used the tractive force method to
design sewers with self-cleansing conditions based on
a critical shear stress. This method can be extended
from the design of new sewers to the evaluation of
existing sewers under actual conditions. Using gene-
expression programming (GEP), Ghani and Aza-
mathulla (2011) presented an approach for modeling
the functional relationships of sediment transport in
sewer pipe systems. Ibro and Larsen (2011) proposed
a method, based on a finite difference scheme to
model the sediment transport with special focus on
the self-cleansing problem. Azamathulla et al. (2012)
used a multiple regression model and an adaptive
neuro-fuzzy inference system (ANFIS) to predict the
functional relationships of sediment transport in
sewer pipe systems, which showed that the ANFIS
approach gives more satisfactory results compared to
previous methods. Almedeij (2012) suggested a
self-cleansing design procedure for rectangular sew-
ers based on the sediment transport theory. Ota and
Perrusquia (2013) studied sediment transport at the
limit of deposition in sewers, which suggested a
modified dimensionless bed shear stress equation.
Bong et al. (2013) confirmed the existing equations
for incipient motion for a rigid rectangular channel
and proposed a new equation by incorporating the
sediment deposit thickness. Ebtehaj and Bonakdari
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(2013) predicted the sediment transport in pipes by
using the artificial neural network.

The previous studies have introduced different
parameters, such as the mean sediment size (d), the
relative density of sediment (s), the dimensionless
sediment size (Dg), the hydraulic radius (R), the
friction factor with sediment (4;), cross sectional area
of the flow (4), settling velocity of particles (W), and
the sediment volumetric concentration (Cy), for
obtaining the minimum required velocity to prevent
sedimentation. By expanding their introduced equa-
tions, most researchers have presented them in two
sections: on the left side of the equation they have
used the obtained Froude number, Fr=V/ [ga?(s—l)]o'5 ,
and on the right the dimensionless parameters ob-
tained from dimensional analysis. This study follows
the general trend of equations proposed also by pre-
vious researchers, with this difference, however, that
the impact of parameters on sediment transport has
been reduced. The sediment transport is reviewed in
two states of non-deposited bed-load transport and the
deposited bed-load transport. For the non-deposited
bed-load transport, the effects of the parameters of
obtained Froude number Fr, Cy, and the relative size
of particles (d/R or d/y) are considered. Moreover, to
review the sediment transport in the deposited
bed-load state, in addition to the above three, the
impact of relative depth of deposits (ys/D) has also
been taken into consideration. The predicted values
by proposed equations are in good agreement with the
experimental data measurements.

2 Self-cleansing design concept

The self-cleansing process in the wastewater
system must establish a balance between the amount
of sediment and the rate of erosion during the sedi-
ment transport and, in a specific period of time,
minimize the combined costs of construction, opera-
tion, and maintenance of the system (Butler et al.,
2003). The most important aspect of these require-
ments is that if a minimum amount of sediment allows
the design of the wastewater system to become more
economical, there is no need for the sewer conduits to
stay completely free of deposits. May et al. (1996)
showed that the presence of a deposited bed allows
the flow to enhance the sediment transport capacity in

a form of a bed-load, i.e., in being related to the width
of the deposited bed, the sediment transport is then
greater than when the flow is in the form of a narrow
band along the pipe length of the bed in the
non-deposition state. The flow leaves a greater impact
on the sediment transport while compensating for the
loss of velocity caused by the roughness of the bed
surface. Finally, the increase in depth (and width) of
the deposited bed and the increased capacity of sed-
iment transport may both be in balance with the inlet
sediment load preventing further sedimentation.
Therefore, the self-cleansing design concept for
non-cohesive, homogenous sediments can be at-
tributed to the movement of the input of the sediment
on the bed of the sewer or on the ground of non-
deposition of sediments. The concept of non-
deposition design was amended through the applica-
tion of a greater number of parameters, classified in
two groups which are described below.

2.1 Design criteria for non-deposited sediment
transport

The non-deposition sediment transport has two
forms, the suspended load and the bed-load. To use
the criteria for non-deposition sediment transport,
data such as mean sediment size, relative density of
sediment, sediment volumetric concentration, and
depth of flow are required to propose an equation for
the rate of the sediment transport as bed-load or sus-
pended load and the state of transport should be
specified before the existing self-cleansing equations
can be used. Given the studies conducted by May et al.
(1996), if U+>0.75W;, where U~ is the shear velocity,
the sediment transport will be in the form of sus-
pended load, otherwise the transport mode will be in
the form of bed-load, with U+ defined as

U, =V1/8, (1)

where V is the self-cleansing velocity and 4 is defined as
2 =8gn’ IR, 2)

where A is the friction coefficient of the bed, g the
gravity acceleration, n,, the Manning roughness co-
efficient, and R the hydraulic radius.

May et al. (1996) have proposed the following
equation for a bed-load transport:
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where D is the pipe diameter, y the depth of flow, and
V; the threshold velocity of movement. According to
Ackers et al. (1996), Eq. (3) is the best relationship

proposed for the sediment transport in a bed-load state.

It is controlled by the data of 332 different tests and
offers the best results. The conditions of the tests are:
pipe diameter of 77 to 450 mm; sediment size of 160
to 8300 pm; relative depth of flow (/D) of 0.16 to 1;
flow velocity of 0.24 to 1.5 m/s; and the sediment
volumetric concentration Cy of 2.13x 10%t02.11x10°.
Vongvisessomjai et al. (2010) conducted several
experiments in the limit of deposition and, by using
parameters which have the most influence for sedi-
ment transport in the limit of deposition, presented the
following equation that employs regression analysis:

—0.616
_r__ 431C7° [iJ , 5)
Jes—1)d R
—0.542
L=3.57C{’,‘2‘ (1] . (6)
Jeg(s—1)d y

To present the equations proposed in this study,
the set of data provided by Ghani (1993) has been
applied. This study’s equation will also be reviewed
for the non-deposition state using Ghani (1993)’s
equation in the following form:

V —3.08C"2 P00 (5)0'53 ;021 7)
g(s—1d v )
A= 1.13],8‘98C3‘02D§r‘01, ®)

where / is the clear water friction factor.

2.2 Design criteria for limited deposit sediment
transport

A bed deposit occurs when a flow in which the
sediment is transported in the form of bed-load joins
the flow in the part full conduit while the velocity is
not at a level to prevent deposition. This increases the
bed resistance causing the depth of flow to increase

and the velocity to decrease. Intuitively, it might be
assumed that the drop in velocity is the cause of the
reduction in the capacity of the sediment transport in
the flow, which would lead to a greater deposit and
eventually an obstruction. However, laboratory ob-
servations (May, 1993) showed that the presence of a
deposited bed allows the flow to have a greater sedi-
ment transport capacity in the form of a bed-load.
This is due to the level of the sediment transport being
related to the width of the deposited bed, which can be
much greater than the narrow flow of sediment that
occurs along the length of the pipe bed at the level of
sedimentation. Finally, an increase in the depth (and
width) of the deposited bed and the increased capacity
of the sediment transport may be in balance with the
inlet sediment load and prevent further sedimentation.
Therefore, a small amount of sedimentation may be
useful at some sections of the movement. It should be
emphasized that this occurs only in part full pipe,
because in designing the part full flow, the increase in
the integrity of bed roughness and the reduction in the
discharge capacity can become a problem, although
an added hydraulic gradient can be applied. Nalluri
and Ghani (1996) showed that the presence of a
sediment deposit at limited depth on the bed of the
sewer reduces the slope needed to design for all di-
ameters of the used pipes. The limited depth of the
deposit considers the amount of the sediment and the
specifications of the flow, and shows the actual con-
ditions of the flow in the wastewater conduit. The use
of this limited depth criterion requires an accurate
performance and strict maintenance of the system, as
the condition is quite close to critical. Nalluri and
Ghani (1996) suggested further that if wastewater
systems of 1 m deep or greater were to be designed as
a deposited bed, they could be designed in an efficient
manner, so for the sediment transport in pipes of over
1 m or more in diameter they used the equations
(Ghani, 1993) shown below:

—0.13 -0.34
V _ 1 ) 1 Sci)/,l() (%j (i) /1870,31 , (9)

\gd(s—1) y D

0.34 0.24
A, =0.0014C,"* (ﬁj (gj Dy, (10)
y

where Dy =d[g(s— 1)/v2]1/ ? is the size of dimensionless
grains, W, is the width of deposited bed, and v is the
kinematic viscosity of fluid.
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3 Data collection

In this research a combination of the lab test
results by Ghani (1993) and Vongvisessomjai et al.
(2010) were used. Using pipes with three sizes of 154,
305, and 450 mm in diameter and 20.5 m in length,
Ghani (1993) conducted his tests in two states, non-
deposition and loose deposited beds. While all three
sizes were utilized for the rigid bed tests, he used only
the 305-mm pipe for the border roughness test. He
also used a 405-mm pipe for the loose bed tests.
Vongvisessomjai et al. (2010) conducted their tests on
pipes in two sizes of 100 and 150 mm in diameter and
16 m in length. They employed two sections to
measure the flow, one at a distance of 4.5 m upstream
and the other at the distance of 5.5 m downstream.
These two points were 6 m apart. In each section, the
velocities were measured at the flow surface, middle
depth, and near bottom, and their mean average was
taken as the average velocity. For the air/water phase
of the flow, the Manning coefficient of roughness »
was equal to 0.0125. Vongvisessomjai et al. (2010)’s
tests were conducted in a non-deposited bed state.

To validate the accuracy of the results presented
in this study, Ota and Nalluri (1999)’s data were used
for the limit of deposition, and Ota et al. (1999)’s data
were used for the deposited bed. For the purpose of
their tests at the limit of deposition, Ota and Nalluri
(1999) used six different dimensions of d (ranging
from 0.71 mm to 5.61 mm), and conducted 24 tests in
total. Moreover, to test the impact of granulation on
the sediment transport, they conducted 20 further
experiments using five different ranges of roughness
of sediment with an average diameter of =2 mm. Ota
et al. (1999) conducted their tests on a deposited bed
at the Chalmers University of Technology-Sweden,

using pipes of 225 mm in diameter and 25 m in length.

The slope of the pipes used was 0.00315, roughness
k=0.24 mm and the Manning coefticient of roughness
n around 0.01.

4 Methodology

In the circular cross section, the non-deposition
state parameters, such as gravity acceleration g, pipe
diameter D, relative density of sediment s (=ps/p),
depth of flow y, hydraulic radius R, and sediment
volumetric concentration Cy, have the greatest effects

on sediment transport and, for a deposition state,
besides the previously mentioned parameters, the
relative depth of sediment deposit (y/D) has the
greatest effect on sediment transport, where y; is the
thickness of sediment bed. By using dimensional
analysis, Eqs. (11) and (12), for non-deposited bed-
load transport and for sediment transport in deposited
bed state, respectively, can explain the relationship
between these parameters with the self-cleansing
velocity as follows:

Vv d d
Free——ru =7l c, |,
SN T f(yOrR ]

Vv d d y
Fre——rt =fl %o ¢, 2| 2
" s f(yorR’ v Dj (12

(11)

5 Results and discussion

The two given criteria were derived as semi-
experimental equations from the values of Froude
number Fr, the sediment volumetric concentration Cy,
and the relative size of particles (d/R or d/y). The
precision of the devised non-deposited design criteria
in this study was reviewed, then compared with the
criteria for transport of May et al. (1996) for bed-load
and with the deposited bed criteria proposed by Ghani
(1993). The results of the comparison between the
equations proposed in this study and the extant pre-
vious equations are presented herein, using the crite-
ria for root mean square of error (RMSE) and the
mean absolute relative error (MARE), as defined
below:

i(xi _yi)2

RMSE = , (13)

n

L% -y
MARE =~ =1

i

(14)

Since criteria, such as the minimum square of
error or the absolute value of error, do not offer sim-
ultaneous comparisons of the average and variance of
the models, the Akaike information criterion (AIC)
was used to compare the proposed equation to the
equations obtained by the previous studies (Ghani,
1993; May et al., 1996; Vongvisessomjai et al., 2010).
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It is defined as

Alczn-lgPZ(x[—y,.)z}uk, (15)
n'io

where x; and y; represent observed and calculated Fr,
respectively, n the number of data, and & the number
of estimated parameters included in the model. The
AIC is a measure of the relative goodness of the fit of
a statistical model. AIC values provide a means for a
model selection, and describe a tradeoff between bias
and variance in model construction or, loosely
speaking, between the accuracy and the complexity of
the model.

5.1 Non-deposited bed-load

To devise the non-deposited design criteria, the
sediment volumetric concentration Cy and other rel-
evant parameters are presented as non-dimensional
groups. The essential equation in the non-dimensional
form was obtained in a manner similar to

Fr:LzaCS[iorij .
y

Jegd(s—1) R

To obtain the coefficients (a, b, and c) of Eq. (16),
using the non-linear regression and the digital analy-
sis in MINITAB software, the best equations that the
Froude number presents with the sediment volumetric
concentration Cy and (d/R) or (d/y) at different con-
ditions are expressed as follows:

(16)

-0.54

Fr=4.49C)" (%) , (17)
d —-0.51

Fr=3.59C)% [;j : (18)

The same margin of error of 1% was obtained
with a confidence interval of 99% differing in the
ranges of (—0.314, 0.385) and (—0.394, 0.545) for
Egs. (17) and (18), respectively. This means that in
99% of the repeated tests the difference between the
fitted and the actual amount of the test data were
within the mentioned range. Furthermore, a theoreti-
cal test on the equality of two vectors (the tested and
the fitted samples) was conducted using the #-student
test, resulting in p-value=0.785 and 0.665 for Egs. (17)

and (18), respectively. As this value is much higher
than the margin of error of 1%, these two vectors can
be considered to be comparatively equal.

For statistical significance, testing the p-value
gives the probability of obtaining a test statistic at
least as extreme as one actually observed, assuming
that the null hypothesis is true. One often ‘rejects the
null hypothesis’ when the p-value is less than the
predetermined significance level, while its value be-
ing 0.05 or 0.01 indicates that it is highly unlikely to
be any observable result under the null hypothesis.

Fig. 1 shows the generated Froude numbers
yielded from Eqgs. (17) and (18) versus the lab results
presented by Ghani (1993). The x axis shows the left
side of Egs. (17) and (18), and the y axis their right
side. It is observable from Fig. 1 that both equations
yield relatively good results almost at all points. Ex-
cept at the maximum Froude number (with a relative
error of 6%), Eq. (17), presented for the situation that
considers d/R, returns relatively equal results com-
pared to those obtained in the laboratory at the points
remaining. Moreover, Eq. (18), presented for the
situation that considers d/y, displays good results
compared to those obtained in the laboratory. At low
Froude numbers, the results obtained from Eq. (17) are
better than those obtained with Eq. (18), but as the
Froude number increases, despite the good accuracy
of both equations, the results of Eq. (17) conform better
with the laboratory data. The equations presented
have been evaluated by using the RMSE and MARE.
The outcomes of the evaluations show that Eq. (17)
depending on the d/R with RMSE=0.21 and MARE=
0.09, returns better results in comparison to those

25 T T T T

E e Eq. (17)
= o
2 5l Eq. (18) ? |
Q.
(0]
o
G
= 15} 4
£
8
@ 10F 4 4
ie]
"(-v‘ 0,
=}
g 5 ° .
£
Iy

0 1 1 1 1

0 5 10 15 20 25

Experimental Fr

Fig. 1 Validation of the proposed Eqs. (17) and (18) with
selected data (Ghani, 1993)
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obtained with Eq. (18) using d/y with RMSE=0.35
and MARE=0.2.

Fig. 2 evaluates proposed Eq. (17) against
Eq. (5) by Vongvisessomjai et al. (2010), and Eq. (3)
by May et al. (1996), recognized by Ackers et al.
(1996) as the best one for predicting the velocity of
sediment transport in sewers at the limit of deposition.
Based on Fig. 2, all three equations show good results
at Fr<5, despite the fact that Eq. (17)’s results show
greater accuracy than the other two, showing com-
patibility with the laboratory results at all points. For
Fr>5, Eq. (17) remains accurate and in the worst case,
for the Froude number of around 20, it has a relative
error of 6%, while Egs. (3) and (5) exhibit a similar
trend, i.e., their errors increase with the Froude
number. But at the highest Froude number, May et al.
(1996)’s Egs. (3) and Vongvisessomjai et al. (2010)’s
Egs. (5) show a relative error of 48%. The results of
the evaluation of Egs. (3), (5), and (17) prove that
Eq. (17) with RMSE=0.21 and MARE= 0.09, due to
its lower AIC, has greater accuracy than Eq. (5) with
RMSE=0.51 and MARE=0.21 and Eq.(3) with
RMSE=0.69 and MARE=3.7 (Fig. 2). The AIC re-
sults show that Eq. (17) with AIC=—12.85 has greater
accuracy compared to what Eq. (3) has with AIC=
26.64 or Eq. (5) with AIC=23.61.

35 T
- +
2 30t ° 1
[%]
]
o3
S 25} ]
G
g 20t 0 1
8
© | i
g 10 ®
e + Eq. (3) (May et al., 1996)
- 5} ) o Eq. (5) (Vongvisessomjai et al., 2010) <
w ® Eq. (17)
O 1 1 1 1 1 1
0 5 10 15 20 25 30 35

Experimental Fr

Fig. 2 Comparison of Eq. (17) for d/R with the equations
of May et al. (1996) and Vongvisessomjai ez al. (2010)

Fig. 3 is an evaluation of Eq. (18) vs. Eq. (6)
presented by Vongvisessomjai et al. (2010) and
Eq. (3) by May et al. (1996). As Fig. 3 demonstrates,
the accumulation of data in all three equations occurs

at Fr<5. In this range, despite the relative appropri-
ateness of all three results, Eq. (6) has an increasing
trend at Fr<10, similar to, but with more errors, than
the other two Egs. (3) and (18). At Fr>5 the results of
Eq. (18) still conform to the results of lab tests while
they are higher for the other two equations. At this
higher range of Froude numbers, contrary to the lower
range of <5, Eq. (3), with a relative error of 60%,
shows weaker results than Eq. (6). As shown clearly
in Fig. 3, Eq. (18), with RMSE=0.24 and MARE=
0.15, has greater accuracy than Egs. (6) and (3), with
the evaluation criteria RMSE=0.26 and MARE=0.31,
and RMSE=0.69 and MARE=3.7, respectively. To
further confirm the superiority of Eq. (18) over
Egs. (3) and (6), the AIC criterion was applied. Since
Eq. (18) has AIC=—4.43 against Egs. (6) and (3) with
AIC=20.72 and AIC=26.64, respectively, its accuracy
is higher than that of the other two.

35

30F

251

201

151

o+

10
+ Eq. (3) (May e al., 1996)

Frin equations for limit of deposition

5 ) o Eq. (6) (Vongvisessomjai ef al., 2010)
o Eq.(18)
O —% 10 15 20 25 30 35

Experimental Fr

Fig. 3 Comparison of Eq. (18) for d/y with the equations
of May et al. (1996) and Vongvisessomjai ef al. (2010)

Table 1 shows the evaluation criteria MARE,
RMSE, and AIC for Egs. (5) and (6) of Vongvis-
essomjai et al. (2010), and Eq. (3) of May et al
(1996), as well as Egs. (17) and (18) proposed in this
study for the limit of deposition case. Both Egs. (17)
and (18) yield better values of evaluation criteria than
Egs. (5) and (6). Given the fact that compared with
Eq. (3), which is claimed to be the best equation for
sediment transport at the limit of deposition, and
Vongvisessomjai et al. (2010)’s equations, the pro-
posed Eq. (16) yields better results, and we can rec-
ommend its application to predict sediment transport
in sewers at the limit of deposition.
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Table 1 Criteria used to evaluate limit of deposition
equations

Equation MARE RMSE  AIC
Eq. (3) May et al., 1996) 3.7 0.69 26.64
Eq. (5) (Vongvisessomjai 0.21 0.51 23.61
etal.,2010)
Eq. (6) (Vongvisessomjai 0.31 0.26 20.72
etal.,2010)
Eq. (17) 0.09 021 —12.85
Eq. (18) 015 024 443

According to Table 1, by the validation criteria,
Eq. (17) yields the best results for the limit of depo-
sition. To go beyond reasonable doubt and to evaluate
Eq. (17) with other sets of data that were not used to
obtain it, the applicable lab results of Ota and Nalluri
(1999) were correlated with its results.

Fig. 4 evaluates the accuracy of Egs. (7) and (17)
using Ota and Nalluri (1999)’s sets of lab data. The x
axis in Fig. 4 represents the Froude number obtained
from the lab results, and the y axis represents the
results obtained from the limit of deposition’s equa-
tions. Compared with the lab results, the highest
percentage of the related error for Egs. (7) and (17) is
about 13% and 9%, respectively, while the lowest is
about 1.5% and 0.5%, respectively. Moreover, the
AIC criteria were also used to select the best model.
The accuracy results of Egs. (7) and (17) using the lab
data proposed by Ota and Nalluri (1999) show that
Eq. (17) with AIC=2.54 returns better results than
Eq. (7) with AIC=19.37.
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Fig. 4 Evaluation of Eqs. (7) and (17) using Ota and Nal-
luri (1999)’s sets of data

Moreover, the average error presented by Ota
and Nalluri (1999) for all results was about 4%. While

Eq. (17) presents very good accuracy with Ota and
Nalluri (1999)’s sets of data.

5.2 Bed-load in deposited bed state

In this state, in addition to the parameters of the
concentration of sediments and the relative size of
particles, the relative depth of sedimentation is also
reviewed as an important parameter in the sediment
transport in the deposited state, and Eq. (19) is
amended by applying this parameter. To obtain new
Egs. (20) and (21), Eq. (9) proposed by Ghani (1993)
1s used,

14 (d d) (Y
S S—— Rt N S
" ey ¢ V(RoryMDj 1)

To obtain the coefficients of Eq. (19), using the
non-linear regression and digital analysis in
MINITAB software, the best equations that have the
Froude number in the best result for sediment volu-
metric concentration Cy and d/R or d/y at different
states are expressed as follows:

d —0.766 -0.258
Fr=2.5C"" [—J S8
R D

d —0.482 —-0.463
Fr=28C"" [—j (y—j .
b% D

Fig. 5 compares the Froude numbers obtained
from Egs. (20) and (21) and Eq. (9) proposed by
Ghani (1993) against the actual ones observed during
the experiment. The results of Egs. (20) and (21)
show relatively good results for randomly selected
Froude numbers without replacement, to the extent
that in almost all the six points they yield results with
an error <5%. This is while the equation proposed by
Ghani (1993) in the form of Eq. (9) yields results in
the form of the upper limit at all points, i.e., the results
at most points are higher than the actual ones.

Based on Table 2, Eqgs. (20) and (21) for the
deposited bed case yield better results than Ghani
(1993)’s equation, with average relative errors of 0.07
and 0.28, respectively. Moreover, the RMSE of
Egs. (20) and (21) is equal to 0.76, whereas this pa-
rameter for Ghani (1993)’s equation is twice that of
the proposed equations, i.e., equal to 1.93. Egs. (20)

(20)

€2y
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and (21) with AIC values of about 1.83 and 1.87,
respectively, yield better results than Ghani (1993)’s
equation with AIC=14.8.

15
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Fig. 5 Comparison of the Froude numbers from Egs. (9)
(Ghani, 1993), (20), and (21) with the experimental Froude
numbers

Table 2 Criteria used to evaluate the bed deposit
equations

Equation MARE  RMSE AIC
Eq. (9) (Ghani, 1993) 0.28 1.93 14.8
Eq. (20) 0.07 0.76 1.83
Eq. (21) 0.07 0.76 1.87

Table 2 shows that, based on validation criteria,
Eq. (20) yields the best results. Therefore, for vali-
dating this equation against the set of other data not
used in obtaining Eq. (20), the lab results of Ota et al.
(1999) were employed. Fig. 6 displays the study for
the accuracy of Eq. (20) by using the set of lab data by
Ota et al. (1999). The x axis in Fig. 6 represents the
Froude numbers obtained from these lab results and
the y axis shows those obtained from Eq. (20). It is
found that the Froude number obtained from Eq. (20)
yields results with relatively good accuracy, as the
highest percent of the relative error of this equation is
about 11% and the lowest about 1% against Ota et al.
(1999)’s lab results. Moreover, the average error
presented in Table 2 for all results is about 6%, which
is almost similar to the MARE value of 0.07 shown in
Table 2. Eq. (20) yields results with good accuracy for
different sets of data. Therefore, taking this into ac-
count for its relative appropriateness, it can be
claimed that designs using this equation will have a
good percentage of reliability.

Fr in equation for deposited bed
¢
L]

0 1 2 3 4 5
Experimental Fr

Fig. 6 Evaluation of Eq. (20) using Ota et al. (1999)’s set of

data

Based on the evaluation conducted by mathe-
matical reasoning, the devised self-cleansing equa-
tions show good consistency with the lab data in ex-
plicating the design criteria and for validation. The
studies conducted for non-deposited bed-load in two
states, the limit of deposition and deposited bed, show
a good correlation with the self-cleansing equations
of May et al. (1996) and Ghani (1993). In the sedi-
ment transport in two states, non-deposited bed-load
and deposited bed, the relative size of the particles
(d/R) has the highest impact on the self-cleansing
velocity. The hydraulic radius R represents the humid
perimeter that influences the movement of particles
on the channel bed. The sediment volumetric con-
centration has a greater importance relatively in the
bed-load transport of the deposited bed than that of
the limit of deposition. For the bed-load, Cy repre-
sents the sediment transport occurring in the length of
the sewer. If y¢/D is considered in the form of d/y, the
relative depth of the sediment deposit yy/D in the
deposited bed transport state has a similar effect as the
relative size of the grains (d/y). But if it is considered
in its form of d/R, the effect of the relative size of the
particles d/R is twice the relative depth of the sedi-
ment deposit (y¢/D). For both states of the bed-load
transport, the relative size of the particles is repre-
sented in the two forms of d/R and d/y, the errors of
the equations becoming quite close to each other.
Therefore, the application of either one will make no
difference in determining the minimum self-cleansing
velocity in the limit of deposition state. However, in
the deposited bed state, if d/R is used, the effect of
deposition is considered to be less than that of the
state when d/y is applied.
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6 Conclusions

This study reviews the design criteria for self-
cleansing based on the minimum velocity of flow on
the bed. Using the lab results proposed by Ghani
(1993), this study proposes a number of equations,
which can predict the sediment transport in the two
states of limit of deposition and deposited bed. The
proposed equations have a simpler form than the
existing ones. The new equations presented are in two
parts, the non-deposited bed-load transport and the
bed-load transport with limited deposit. The intro-
duced criteria take into account the parameters that
have the highest impact on the sediment carrying
capacity and the hydraulic resistance of the wastewater
conduit. Despite considering a smaller number of
parameters as criteria, the introduced equations have a
greater accuracy than other equations, i.e., May et al.
(1996) and Vongvisessomjai et al. (2010)’s equations
for limit of deposition and Ghani (1993)’s equation
for deposited bed. Most parameters in the equations,
such as the threshold velocity of movement in the
May et al. (1996)’s equation and the friction coeffi-
cient of the bed, must be calculated before calculating
the self-cleansing velocity. Moreover, the calculation
of the parameters in this study is relatively less dif-
ficult than the calculation in the previously proposed
equations.
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