
lable at ScienceDirect

International Journal of Sediment Research 36 (2021) 335e347
Contents lists avai
International Journal of Sediment Research

journal homepage: www.elsevier .com/locate/ i jsrc
Original Research
Experimental study on the effect of bottomless structure in front of a
bottom outlet on a sediment flushing cone

Hadi Haghjouei a, Majid Rahimpour a, *, Kourosh Qaderi a, Sameh A. Kantoush b

a Department of Water Engineering, Shahid Bahonar University of Kerman, Kerman, Iran
b Disaster Prevention Research Institute, Kyoto University, Japan
a r t i c l e i n f o

Article history:
Received 5 September 2019
Received in revised form
6 November 2020
Accepted 9 November 2020
Available online 16 November 2020

Keywords:
Reservoir
Sediment removal efficiency
Sediment flushing cone
Bottom outlet
Dendritic bottomless extended structure
* Corresponding author.
E-mail address: Rahimpour@uk.ac.ir (M. Rahimpo

https://doi.org/10.1016/j.ijsrc.2020.11.002
1001-6279/© 2020 International Research and Trainin
Elsevier B.V. All rights reserved.
a b s t r a c t

One of the main problems in reservoirs is sedimentation which reduces the operating life of dams if a
proper plan and analysis method are not in place. The techniques to manage sediment in reservoirs
include several sustainable management techniques that route sediment through or around the reser-
voir. One of the main economical methods in arid and semi-arid regions is pressurized flushing using
moderate drawdown of the water level of the reservoir to evacuate sediment deposited behind dams. In
the current study, the effect of a new structure called a dendritic bottomless extended (DBE) outlet
structure at three angles of 30�, 45�, and 60� on pressurized flushing efficiency was investigated.
Consequently, 45 experiments were designed for three discharge rates (QoÞ, three sediment levels (HsÞ,
four types of structure, and a no-structure condition (reference test). The results indicated that the DBE
structure with a 30� angle between the branches, a sedimentary dimensionless index of Hs=Do ¼ 4:59,

and a flow dimensionless index of Qo=

ffiffiffiffiffiffiffiffiffiffiffi
gDo

5
q

¼ 1:43 (where g is the acceleration of gravity and Do is the

diameter of the bottom outlet) lead to 10-fold increase in the sediment flushing cone dimensions and
sediment removal efficiency compared to the results of the reference test. Finally, according to a sta-
tistical analysis of the results, a dimensionless equation for calculating the sediment flushing cone di-
mensions was developed for the tested sediment characteristics.
© 2020 International Research and Training Centre on Erosion and Sedimentation/the World Association

for Sedimentation and Erosion Research. Published by Elsevier B.V. All rights reserved.
1. Introduction

Sedimentation in a reservoir gradually decreases the water
storage capacity and can eventually decrease electricity production
(White, 2001). The annual rate of water storage capacity reduction
due to reservoir sedimentation is faster than new storage due to
building new reservoirs and it threatens the lives of existing res-
ervoirs (Randle et al., 2019; Schleiss et al., 2016). In addition,
sedimentation has other negative consequences such as the entry
of sediment to hydropower plant intakes which leads into hydro-
abrasive erosion in turbines (Dreyer & Basson, 2018), intake
obstruction, increases in the reservoir upstream level, and expan-
sion of the flood width (Morris & Fan, 1998). A low-level outlet is
one of the important components of dams and can be used to expel
the flood discharge and sediment. The use of these outlets is only
ur).

g Centre on Erosion and Sediment
recommended in cases with a low degree of risk because sediment
and debris can clog low-level outlets (Amirsayafi, 2015).

Minimizing the loss of storage capacity is one of the main pur-
poses of sustainable management of sedimentation and there are
several management strategies depending on infrastructure pur-
poses, storage lost, and sedimentation rate (Schleiss et al., 2016).
Sediment management strategies can be categorized in three
groups depending on their location upstream of the reservoir, in
the reservoir, and at the dam, such as decreased sedimentation via
watershed management, e.g., via upstream check dams; managing
sediment within the reservoirs through dams, e.g., dredging of
accumulated sediment; and sediment removal in reservoirs, e.g.,
hydraulic flushing and sluicing (Annandale et al., 2016; Schleiss
et al., 2016).

Hydraulic flushing is a method in which the low-level outlet is
opened and old deposited sediment evacuates the reservoir
through the flow. It is an effective solution for reservoirs with
excessive water inflows (Qian, 1982). Flushing can be used to
evacuate sediment and improve the useful capacity of the reservoir.
ation/the World Association for Sedimentation and Erosion Research. Published by
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This process also can be used for both small and large reservoirs
(Emamgholizadeh et al., 2006). Sediment flushing can be catego-
rized into two types of drawdown flushing (also known as free-
surface, empty, or free-flow flushing) and pressurized flushing
(Morris & Fan, 1998). Free flow or drawdown flushing is done by
lowering the water level of reservoirs and it is commonly practical
in small and medium reservoirs (Isaac & Eldho, 2019). Pressurized
flushing is donewith amoderate drawdown for effective operation,
but the drawdown flushing requires a high drawdown and the
water level reaches the level of the low-level outlet (Dargahi, 2012).

In the pressurized flushing method, the water height is higher
than the low-level outlet and after opening the low-level outlet,
the outlet-induced-vortex creates a shear force on the deposited
sediment and sediment evacuates the reservoir. In this method,
after a while, a hollow or scour hole forms in the shape of a cone
or funnel in front of the bottom outlet. The duration of the
complete formation of the scour hole and the equilibrium of its
geometrical dimensions depend on the type of sediment, the
reservoir water level, and the height of the accumulated sediment
above the low-level outlet and the duration may range from
several hours to several days (Brandt & Swening, 2000). Draw-
down flushing leads to high sediment loads with a low water
value that can threaten life in downstreamwatercourses (e.g., fish
mortality) and water quality (Malavoi & El Kadi Abderrezzak,
2019). Climate conditions can be restrictive in the choice of
sediment management strategies. For example, drawdown
flushing is not an option in arid and semi-arid conditions
(Schleiss et al., 2016).

One of the main disadvantages of pressurized flushing is the
low ability to recover a large amount of storage capacity because
of the localized effects near the bottom outlet. But pressurized
flushing keeps the power intake free of sediment and the water
loss is much less compared to drawdown flushing, making this
method of flushing more practical for hydropower dams in arid
and semi-arid countries (Dreyer, 2018). For reservoirs with supply
storage ratios of less than 0.5 in relation to the inlet flow, hy-
draulic flushing is a good method to maintain the reservoir
storage capacity (Pitt & Thompson, 1984). In addition, flushing
can also be successfully utilized in irrigation and hydropower
plant reservoirs that operate on monthly to daily periods. Flush-
ing can also be used in reservoirs that are hydrologically large but
have reduced storage capacity due to sediment accumulation. The
range of sediment that is removed from the reservoir due to
flushing varies from sand to clay in particle size (Morris & Fan,
1998). Flushing is a necessary action to keep the reservoir in the
best operating condition (Fruchard & Camenen, 2012).

Many investigations, consisting of experimental scale and nu-
merical simulation models, have been done on the sediment
flushing characteristics. Application of one-, two-, and three-
dimensional numerical models is common to simulate sediment
flushing and reservoir sedimentation. 1D numerical models are
used to investigate the reservoir sedimentation, and 2D and 3D
numerical models are used to investigate the sediment flushing
from reservoirs (Isaac & Eldho, 2019). Di Silvio (1990) experimen-
tally investigated low-level outlet blockage and observed that to
avoid blockage, the initial and final phases of sediment flushing
should be considered. Powell (2007) investigated the effect of the
sediment size and water depth on the sediment flushing cone di-
mensions and found a complex vortex system governing the
equilibrium size of the sediment flushing cone. Emamgholizadeh
et al. (2006) investigated the effect of the water height on the
low-level outlet and outlet discharge on the sediment flushing
cone. The results of their study showed that when the height of the
water decreases, the length and volume of the sediment flushing
cone increases and when the discharge from the low-level outlet is
reduced, the length and volume of the sediment flushing cone
decrease. Meshkati et al. (2009) experimentally investigated the
temporal development of sediment flushing cones. They observed
that with an increase in the flow velocity, sudden increases in the
amount of evacuated sediment and the dimensions of the sediment
flushing conewere created. In addition the same authors (Meshkati
et al., 2010) experimentally investigated the effect of the cross
section of the low-level outlet on the dimensions of the sediment
flushing cone. They concluded that the volume and dimensions of
the sediment flushing cone heavily depend on the low-level outlet
diameter.

Ahadpour Dodaran et al. (2012) experimentally investigated
the effect of local vibrations on sediment flushing cone di-
mensions and determined the optimal vibrator distance from the
outlet. The effect of the geometric parameters and the discharge
of a perpendicular water jet with four jet arranged in a horizontal
plane was investigated by Jenzer Althaus et al. (2014). Their re-
sults showed that using a water jet as an innovative device which
can whirl up the sediment, leads to between a 1.5- and 2-fold
increase in sediment evacuation efficiency compared to the re-
sults of the reference case.

An experimental study was done by Emamgholizadeh and
Fathi-Moghadam (2014) to investigate the effects of flow pa-
rameters on the sediment flushing cone formation of five
classes of sediment samples from the Dez Dam Reservoir in Iran
and they found that the bulk density of the sediment samples is
the most significant parameter related to the sediment flushing
cone dimension. Sayah (2015) designed the Cerro del Aguila
Dam and investigated the elevation of the bottom outlet to
avoid plugging in the sediment-flushing process. They recom-
mended that the low-level outlet gates be designed with a
sufficient size to avoid blockage. Amirsayafi (2015) investigated
measures for the successful design of dam-bottom outlets and
found that for the effective operation of dams, low-level outlets
should not be blocked by sediment and debris. Madadi et al.
(2016) did tests in two parts in an experimental study to
investigate: 1) the flow behavior during the formation of a
sediment flushing cone, and 2) the effect of semi-confined piles
on the sediment flushing cone. Their results showed that the
interactions among sediment, water, and the structure led to an
increase in the sediment flushing cone dimensions. In another
study by the same authors (Madadi et al., 2017), the effect of a
projecting semi-circular (PSC) structure on the sediment
flushing cone was investigated. They found that using the PSC
structure led to a 4.5-fold increase in the sediment flushing
cone volume compared to that in the reference test. Consid-
ering the effect of the PSC structure in the experimental study
by Madadi et al. (2017) attention to the sediment flushing
operation of the PSC structure on the direct side of the reservoir
is necessary to avoid blocking of the low-level outlet.

The aim of this study was to investigate the structural effects
on the sediment flushing cone dimensions and efficiency due to
vortices arising from the pressure difference between the inside
and outside of the structure and the flow area limitation of the
structure's branches. Consequently a new structural configura-
tion with the ability of flushing at different sides of the reservoir
in addition to the direct path which called dendritic bottomless
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extended structure (DBE) at three angles of 30�, 45�, and 60� on a
sediment flushing cone, was used to evacuate the sediments in
the blockage and no blockage position. Considering the installa-
tion of branches at specific points, in addition to generating a
vortex along any of the branches, increasing the strength of the
vortices will increase the outflow, and the dimensions of the cone.
Fig. 2. Particle size distribution curve of bed sediment (where Dx is the sediment
diameter for which x percent of the sediment particles are finer).
2. Materials and methods

2.1. Description of the physical model

To investigate the effect of the structures and the rate of pres-
surized sediment flushing on sediment removal, a physical and
hydraulic model of a dam and water conduit was designed and
constructed in the Hydraulic and Water Structures Research Labo-
ratory of the Water Engineering Department of Shahid Bahonar
University of Kerman, Iran. The current model is composed of a
rectangular cube with dimensions of 7.5 m � 3.5 m � 1.8 m in
length, width, and height, respectively. The model consists of 5
major segments: 1) an area consisting of perforated cover plates for
dissipating the inlet flow, 2) a reservoir, 3) a sediment-trapping box,
Fig. 1. 3D schematic representation of the physical model, perspective, plan, and side view (a, b, and c, respectively).



Table 1
Experiments done in the current research.

Test no. Name Qo (L/s) Hs (cm) Schematic configuration of structures

1 a1,1 12.5 39.5
2 b1,1
3 c1,1
4 d1,1
5 e1,1
6 a2,1 15
7 b2,1
8 c2,1
9 d2,1
10 e2,1

11 a3,1 18
12 b3,1
13 c3,1
14 d3,1
15 e3,1
16 a1,2 12.5 45
17 b1,2
18 c1,2
19 d1,2

20 e1,2
21 a2,2 15
22 b2,2
23 c2,2
24 d2,2
25 e2,2

26 a3,2 18
27 b3,2
28 c3,2
29 d3,2
30 e3,2

31 a1,3 12.5 50.5
32 b1,3
33 c1,3
34 d1,3
35 e1,3

36 a2,3 15
37 b2,3
38 c2,3
39 d2,3
40 e2,3
41 a3,3 18
42 b3,3
43 c3,3
44 d3,3
45 e3,3

Note: xi,j; where x ¼ type of structures, consisting of a, b, c, d, and e where a ¼ DBE 30� , b ¼ DBE 45� , c ¼ DBE 60� , d ¼ PSC structure, and e ¼ reference test (no-structure); and
i,j ¼ indexes of discharge and sediment height for which i ¼ 1, 2, and 3 are discharges of 12.5, 15, and 18 L/s, respectively; and j ¼ 1, 2, and 3 are sediment heights of 39.5, 45,
and 50.5 cm, respectively.
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4) a flow dissipater area for flow measurements, and 5) a water
conduit. A schematic view is shown in Fig. 1.

At a distance of 50 cm from the beginning of the reservoir, there
are two perforated cover plates for reducing the turbulence of the
inlet flow to the reservoir. A laminated glass was used in the front
and side of the model to accurately observe the flow and sediment
behavior through the experiments. In the front part, a holewasmade
with a diameter of 12 cm, through which the outlet pipe of the
reservoir passes with a diameter (Do) of 11 cm. A bottomless pipe,
with a horseshoe cross section with a 47� angle between the sedi-
ment bed surface and tangent line to the pipe at the intersection
point, is connected to the upstream edge of the bottom outlet. A
volumetric flow meter and a triangular weir with a 90� angle were
used to measure the inlet and outlet flow, respectively. After passing
through the outlet pipe, the sediment flow first enters the sediment-
trapping box and then flows into the flow dissipater area to measure
the outlet discharge. In each experiment, theweight of the deposited
sediment was measured in the sediment-trapping area after drying.
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In the current study, a non-cohesive silica sediment with a
median diameter of D50 ¼ 0:73 mm and a specific gravity of 2.625
was used (Fig. 2). The corresponding internal friction angle of this
sediment was 29�.

The experiments were done for three discharges (Qo) of 12.5,
15, and 18 L/s; three sediment levels (Hs) of 39.5 cm (no blockage),
45 cm (blockage height ¼ Do=2), and 50.5 cm (blockage
height ¼ Do) from the reservoir bed; four structural conditions
consisting of dendritic modes at three angles (q) of 30�, 45�, and
60� between the branches, a PSC structure, and a no-structure
mode as the reference test. The water level for all the tests was
constant and equal to 65 cm. Therefore, the total number of ex-
periments was 45 and the experimental characteristics are listed
in Table 1.

2.2. Test procedure

Before doing each test, sediment was poured into layers, and
using a prismatical straightener, the surface of the sediment was
leveled according to the rulers installed in the reservoir. In the
current study, three sediment levels were used: a) the lower edge
of the low-level outlet (without blockage), b) a blockage equal to
half of the outlet diameter, and c) a blockage of the entire outlet
diameter (Fig. 3).
Fig. 3. Schematic configuration of sediment levels and structure settlement.
To prevent the degradation of the sediment surface, at the
beginning of each test, a low-rate foam pump was used. After the
reservoir water level reached the desired level, the centrifugal
pump turns on and the low-level outlet valve opened. The water
level was measured by a manual pointer gauge with a precision of
±1mm and rulers mounted on the sides of the reservoir. To obtain
the topography of the sediment cone in each experiment, a photo
scanning technique (PST) was used. Following the completion of
each test and ensuring full drainage of the main reservoir, pho-
tographs were recorded with the given horizontal and vertical
spacing (three horizontal rows and four vertical rows) on camera
rails, and an advanced Canon IXUS 190 with remote control ability
also was utilized. Then, the photos were analyzed and the output
of xyz points was imported into ArcGIS as a dense-point cloud to
measure the volume. To draw the profiles, Surfer 16 was utilized.
The PST primary was investigated and calibrated on a cube with
known dimensions and volume. According to the measuring
distance, the typical data accuracy was determined to be
1.4 mm at a distance of 40 cm. The results were compared with
the data accuracy of a DPI-8 handheld scanner in Dreyer (2018)
and are listed in Table 2.

In the current study, the volume of the sediment flushing cone
was measured using the PST based on the difference between the
level surface of the sediment before the insertion of the structure
and the situation after the removal of the structure and completion
of the test (Fig. 4).
2.3. DBE structure

Increasing the sediment removal efficiency is very important,
but, according to the previous literature, the aim of most studies
has been to recognize the mechanism of flushing and the effect of
hydraulic parameters on the sediment flushing cone dimensions.
Madadi et al. (2017) utilized a new configuration of the dam
bottom outlet, a PSC structure, to increase the efficiency of sedi-
ment evacuation. In the current research a new structure
configuration involving a dendritic bottomless extended low-
level outlet structure (DBE structures), was developed and used
for the sediment flushing of reservoirs. As shown in Fig. 5, the DBE
structure is connected to the dam body on one hand and is con-
nected to the bed reservoir with piles from the other hand. In
addition, the DBE structure has the ability to flush sediment from
three sides and avoid sediment blockage in low-level outlets.
Based on the circular cross section of the DBE structure the
probability of instability of the structure is negligible. Similar to
the PSC structure, because of the circular shape of the structure,
not only the concentration stresses are on the crown of the
structure, but also the vertical forces are transferred to the
reservoir bed through the piles (Madadi et al., 2017). One of the
greatest advantages is the existence of the structure's branches in
different aspects of the reservoir leads to an increase in the
sediment removal domain. In this structure, similar to the PSC
structures, the water flow contacts the interior parts of the
reservoir floor. The DBE structures are designed and made
800 mm in length and 160 mm in diameter, and with angles of
30�, 45� , and 60� between the branches. The structures are linked
to the bottom outlet from one side and through the metal bases to
the deposited sediment in the reservoir (Fig. 5).
2.4. Dimensional analysis

The sediment flushing cone volume (cc) depends on main
variables such as the fluid dynamic viscosity (m), outflow
discharge (Qo), total water head above the bottom-outlet (Hw),
the sediment head above the bottom-outlet (Hs), the median size
of sediment (D50), the sediment density (rs), the internal friction
angle of the sediment (qf ), the fluid density (rw), the acceleration
due to gravity (g), diameter of the bottom-outlet (Do), diameter of
DBE structure (DDBE), length of the branches of the DBE structure
(LDBE), angle between the branches of the DBE structure (q), and
the number of branches of the DBE structure (N) as follows:

cc ¼ f
�
Qo;Hw;Hs;D50; rw; rs; qf ; m; g; Do; DDBE; LDBE; q;N

�

(1)

The resulting terms of the dimensional analysis are obtained as
follows:

cc

D3
o
¼ f1

0
B@ Qoffiffiffiffiffiffiffiffiffiffi

g D5
o

q ;
Hw

Do
;
Hs

Do
;
D50

Do
;
rs
rw

; qf ;
4rQo

mpDo
;
DDBE

Do
;
LDBE
Do

; q;N

1
CA (2)

On the other hand, the following equation is obtained:

cc

D3
o
¼ f2

0
B@ Qoffiffiffiffiffiffiffiffiffiffi

g D5
o

q ;
Hw

Do
;
Hs

Do
;
D50

Do
;Gs; qf ;Re;

DDBE

Do
;
LDBE
Do

; q;N

1
CA (3)

where Gs ¼ specific gravity of the sediment, and Re ¼ the Reynolds
number.

In all the tests, the sediment specific gravity (Gs) was constant
because the same sediment material was used in all tests. The



Table 2
Data accuracy of the PST and compression with a DPI-8 handheld scanner.

Range (m) DPI-8 handheld scanner PST

Typical accuracy (RMSE) Minimum accuracy Typical accuracy (RMSE) Minimum accuracy

<1 0.2% 0.5% 0.26% 0.512%
1e2 0.5% 0.8% 0.31% 0.58%

Note: RMSE ¼ root mean square error.

Fig. 4. Situation of sediment bed and structure: t1 ¼ 0 (a) and t2 ¼ 120 min (b).

Fig. 5. Schematic representation of DBE structure at q ¼ 30� , 45� , and 60� , connected to upstream side of the dam body.
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Reynolds number (4rQo
mpDo

) was considered negligible under a fully
turbulent flow from the orifice (Madadi et al., 2017). One sediment
characteristic was tested, and thus, the effect of the internal friction
angle of the sediments (qf ), has been neglected and the findings are
applicable for the type of sediment tested. In addition, D50, Do, Hw,
qf ; DDBE , LDBE , and N were constant in this experimental research,
and, therefore, Hw

Do
, D50
Do
, qf ;

DDBE
Do

; LDBE
Do

, and N remained constant. The
minimum value of particle Reynolds number was 143.35 and this is
greater than the minimum value of 70 for creating hydraulic fully
rough bed (Shahirnia et al., 2014). The constant values are listed in
Table 3.

Regarding the foregoing explanations, Eq. (3) can be simplified
as follows:
Table 3
The constant values in the current research.

Hw

Do
(dimensionless)

D50

Do
(dimensionless)

DDBE

Do
(dimensionless)

LDBE
Do

(d

5.909 0.00664 1.454 7.273
cc

D3
o
¼ f3

0
B@Hs

Do
;

Qoffiffiffiffiffiffiffiffiffiffi
g D5

o

q ; q

1
CA (4)

According to Eq. (4), to determine the optimal dimensions, the
dimensionless variation of Hs, Qo, and q are investigated in the
current research. Also the other important calculated parameters in
the current research are listed in Table 4.
3. Results and discussion

In the design of the experiments in addition to the DBE struc-
tures at three angles of 30�, 45�, and 60�, the PSC structure and a
imensionless)
N (dimensionless) qf (degree) Gs (dimensionless)

3 29 2.625



Table 4
The other important calculated values in the current research.

Froude number (bottom outlet) Reynolds number
(bottom outlet)

Reynolds number
(sediment particle)

Critical value of Shields parameter Critical value of shear stress

Minimum Maximum Minimum Maximum

4.909 144,686 208,348 143.35 392.744 0.03 0.349

Fig. 6. Flow pattern upstream of the outlet, a3,3 configuration (Table 1).
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reference test (without a structure) were utilized. The common
point of all the experiments was that in a time interval of
15e20 min, a large amount of sediment was excavated from the
low-level outlet via the flushing operations, which conformed with
the results of Madadi et al. (2016). At the beginning of the experi-
ment, a volume of sediment is discharged due to the opening of the
Fig. 7. Variation in the sediment flushing cone dimensionless length ( LcDo
) (a), width (Wc

Do
) (b), a

the full blockage state (sediment height ¼ 50.5 cm).
valve and formation of high-turbulence and high-velocity in the
discharge flow from the reservoir. The next step is the simultaneous
effect of the vortices and the flow from the outlet. These vortices at
the bottom and the two sides of the outlet through the alternating
operation cause the sediment to vacate (Fig. 6).

The major difference between the DBE and PSC structures is in
the sediment flushing cone shape, the cone for the DBE is wider and
deeper than that of the PSC. The reason for this difference is the
motion of the current through the branches to a focused point near
the outlet, which creates a strong vortex, especially beneath the
outlet. In addition, due to the difference in pressure inside and
outside of the structure, the erosion is of the type of piping on both
sides and along the length of the structure (Madadi et al., 2017).
3.1. Investigation of the geometry of the sediment flushing cone

After each experiment, in addition to taking photos and
analyzing the PST at different points, the length, width, and depth
of the sediment flushing cone (LC , WC , and DC , respectively) also
were measured. Measurements were based on different states of
variation in the sediment height and flow discharge, and three
graphs related to the changes in LC ; WC , and DC also were prepared.

Fig. 7 shows the effects of the dimensionless index of discharge
changes in the four states of the structure and the reference test. As
shown, with the increase in the dimensionless index of flow from
0.99 to 1.43, the length of the maximum increase in the sediment
flushing cone becomes 4.92 times the reference value, the
nd depth (Dc
Do
) (c), respectively, with dimensionless index changes in discharge ( Qoffiffiffiffiffiffiffiffi

gDo
5

p ) in



Fig. 8. Variation in the sediment flushing cone dimensionless length ( LcDo
) (a), width (Wc

Do
) (b), and depth (Dc

Do
) (c), respectively, with dimensionless index changes in the sediment

height (Hs
Do
) for discharge ¼ 18 L/s.

Fig. 9. Observed vs. calculated sediment flushing cone length (LcDo
), width (Wc

Do
), and depth (Dc

Do
) dimensionless indexes (a, b, and c, respectively). (Note: SE lines are the standard error

lines representing the average distance the observed values fall from the regression line, Linear (fitting curve) is regression line indicating the agreement rate between the observed
and calculated values, and R2 is the coefficient of determination of the prediction equations).
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Fig. 10. Coordinate system of the experimental setup: top view (a) and side view (b).

Fig. 11. Transverse cross section of the sediment flushing cone in tests a3,3, b3,3, c3,3, d3,3, and e3,3 for three different distances of Y=Do ¼ 0:5 (a), Y=Do ¼ 1 (b), and Y= Do ¼ 6:36 (c)
from the outlet.
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maximum increase in the width of the sediment flushing cone is
equal to 1.34 times the reference value, and the depth of the cone
with a constant increase is equal to 1.21 times the value in the
reference test for three levels of blockage, these findings are
identical to the results of Madadi et al. (2017).
Fig. 12. Scour limit vs. discharge dimensionless indexes ( Qoffiffiffiffiffiffiffiffiffiffi
g Do

5
p ) for different sediment hei
Fig. 8 shows the effects of the dimensionless index of the sedi-
ment height changes in the four states of the structure and the
reference test. As presented, with the increase in the dimensionless
index of the sediment height from 3.59 to 4.59, the length of the
maximum increase in the sediment flushing cone becomes 4 times
ght dimensionless indexes (Hs
Do
) (a) and different angles between the branches (q) (b).



Fig. 13. Temporal development of the sediment flushing cone, a3,3 configuration
(Table 1).
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the reference value, the maximum increase in the width of the
sediment flushing cone is equal to 1.47 times the reference value,
and the depth of the cone with a constant increase is equal to 1.2
times the reference test value for the three levels of blockage. These
findings are identical to the results of Madadi et al. (2017).

Equations (5)e(7) present the relations between the sediment
flushing cone dimensionless indexes and the relative sediment
levels, outlet discharges, and angles between the branches (the
main variables in Eq. (4)), consisting of the sediment head
dimensionless index above the reservoir bed for 3:59 � Hs

Do
� 4:59 ,

the outflow discharge dimensionless index for 0:99 � Qoffiffiffiffiffiffiffiffiffi
g Do

5
p �

1:43, and the angle between the branches for 30� � q � 60�.

Lc
Do

¼236:563
�
Hs

Do

�0:069

þ232:256

0
B@ Qoffiffiffiffiffiffiffiffiffi

g D5
o

q
1
CA

0:04

�487:479ðsin qÞ0:003; R2¼0:827 (5)

Wc

Do
¼0:064

�
Hs

Do

�3:068
0
B@ Qoffiffiffiffiffiffiffiffiffiffi

g D5
o

q
1
CA

0:514

ðsin qÞ�0:069; R2 ¼0:91

(6)

Dc

Do
¼ 0:006

�
Hs

Do

�3:73
0
B@ Qoffiffiffiffiffiffiffiffiffiffi

g D5
o

q
1
CA

0:048

ðsin qÞ�0:102; R2 ¼0:997

(7)

Fig. 9 shows the observed dimensionless values of LC ; WC , and
DC against the values calculated using Eqs. (5)e(7), respectively.
According to results and the standard error (SE) lines representing
the average distance the observed values fall from the regression
line, the regression lines for length, width, and depth dimension-
less indexes fell between ± 5% SE lines, indicating suitable agree-
ment between the observed and calculated values.

The sediment flushing cone cross-sectional data can be used to
investigate the structure's operation. The transverse cross sections
of the sediment flushing cone in tests a3,3, b3,3, c3,3, d3,3, and e3,3 for
three different distances of Y=Do ¼ 0:5, Y=Do ¼ 1 and Y=Do ¼ 6:36
according to the coordinate system of the experimental setup
(Fig. 10) are shown in Fig. 11. According to the figures, the di-
mensions of the sediment flushing cone decreased with increasing
distance from the outlet, which is consistent with the results of
Madadi et al. (2016). The results indicate that the sediment flushing
cone in test a3,3 has the maximum dimensions in comparison with
the other tests because of the limited flow; notably, the branches
intersect each other at one point and create strong wake vortices.

Based on the gathered experimental data the best structural
effect on the sediment flushing cone dimensions is the operation of
the DBE structurewith a 30� angle between the branches compared
to the PSC structure and the other DBE structures with different
angles between the branches. The other DBE structures with 45�

and 60� had lower ranks, indicating that the lower the angle of the
branches to the outlet current axis is, the stronger the shear force of
the vortices and the greater the evacuation of sediment.

The interrelation between the limit distances of scour from the
outlet and outlet discharge shown in Fig. 12a for different sediment
height dimensionless indexes and Fig. 12b for different angles be-
tween the branches.

It can be seen that the distances of scour from the outlet increase
as the sediment height increases, the structure's angle between
branches decreases, and the outlet discharge increases. The dia-
gram indicates that the best operation of the DBE structure is for
the sedimentary dimensionless index of Hs=Do ¼ 4:59 and the flow

dimensionless index of Qo=

ffiffiffiffiffiffiffiffiffiffiffi
gDo

5
q

¼ 1:43 with a 30� angle between
the branches (i.e., a3,3 configuration).

The scour cone geometry strongly depends on the friction angle
of the sediment (Fathi-Moghadam et al., 2010). In the current
research, the side slope angle of the scour cone is approximately
close to the submerged friction angle of the sediment, 29�, which is
in agreement with the results of other studies for non-cohesive
sediment (Fathi-Moghadam et al., 2010; Madadi et al., 2017).
3.2. Temporal development of sediment flushing cone

The tests were continued until the variation in the dimensions
of the sediment flushing cone was negligible. The time duration of
the scour balance was approximately 240 min. Sediment cone
development immediately starts after opening the low-level outlet
valve because a high turbulent flow creates and leads to the for-
mation of the sediment flushing cone. This process decreased with
time, and approximately 85%e90% of the scouring process occurred
in the first 15e20 min after the start of each experiment. Finally,
after approximately 120 min, the shape variation of the sediment
flushing cone stopped. The temporal development of the sediment
flushing cone is shown in Fig. 13.
3.3. Investigation of the volume of the sediment flushing cone

In this regard, the largest volumewas due to the state with a 30�

angle between the branches with a sedimentary dimensionless
index of Hs=Do ¼ 4:59 and a dimensionless index of flow of

Qo=

ffiffiffiffiffiffiffiffiffiffiffi
gDo

5
q

¼ 1:43 and was equal to 0.0764 m3; this is an increase of
10 times compared to the reference test and an increase of 2, 1.754,
and 1.433 times compared to the PSC, DBE 60� and DBE 45�,
respectively, for identical conditions. The 3D maps of the
mentioned tests are shown in Fig. 14.

Based on the experimental results, Eq. (8) represents the rela-
tion for the sediment flushing cone dimensionless index and the
main variables in Eq. (8) consist of the sediment head above the
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reservoir bed, the outflow discharge and the angle between the
branches with the same constraints as for Eqs. (5)e(7).

cc

D3
o
¼1:981

�
Hs

Do

�1:296
0
B@ Qoffiffiffiffiffiffiffiffiffiffi

g D5
o

q
1
CA

1:767

ðsin qÞ�1:114; R2 ¼0:98

(8)

Fig. 15 shows the observed values of the sediment flushing cone
volume dimensionless index against the value calculated using Eq.
(8). According to results and the standard error (SE) lines repre-
senting the average distance the observed values fall from the
regression line, the regression line for the volume dimensionless
Fig. 14. 3D representation of flushing cones in front of the bottom outlet for DBE 30� (a3,3 c
(d3,3 configuration) (d), and the reference test (e3,3 configuration) (e) (Table 1).
index fell between ± 5% SE lines, indicating suitable agreement
between the observed and calculated values.
3.4. Sediment removal efficiency

The sediment removal efficiency is a measure of the success rate
of sedimentation (Madadi et al., 2016). According to past field
research, the efficiency of the under pressure flushing operation is
very low, and a high volume of water should be removed from the
reservoir of behind the dam so that a small amount of the accu-
mulated sediment is transferred downstream (Emamgholizadeh
et al., 2006).

The sediment flushing efficiency is defined as the ratio of the
volume of the sediment to washed (flushed) away to the volume of
onfiguration) (a), DBE 45� (b3,3 configuration) (b), DBE 60� (c3,3 configuration) (c), PSC



Fig. 15. Observed vs. calculated sediment flushing cone volume dimensionless index.
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water used in the flushing. The sediment flushing efficiency is as
follows:

E¼ cc

cw
(9)

where E is the flushing efficiency; cc is the evacuated sediment
volume from the reservoir during flushing (m3); and cw is the
evacuated volume of water from the reservoir during flushing (m3).

In the current study, the flushing efficiency was 0.1% in the e3,3
configuration (reference test) and it was 0.498% in the d3,3 config-
uration (PSC structure) for the sedimentary dimensionless index of

Hs=Do ¼ 4:59 and a dimensionless index of flow of Qo=

ffiffiffiffiffiffiffiffiffiffiffi
gDo

5
q

¼
1:43. In the DBE structure with a 30� angle between the branches,
for the sedimentary dimensionless index of Hs=Do ¼ 4:59 and a

dimensionless index of flow of Qo=

ffiffiffiffiffiffiffiffiffiffiffi
gDo

5
q

¼ 1:43, the flushing ef-
ficiency was equal to 1.01%, which indicates an increase of 10 times
compared to the reference test (e3,3 configuration) and 2.03 times
compared to the value for the PSC structure test (d3,3 configura-
tion). In addition, the use of the other DBE structures with 45� and
60� caused increases of 6.98 and 5 times, respectively, compared to
those in the reference test and 1.41 and 1.16 times, respectively,
compared to those in the PSC structure test (Fig. 16).
Fig. 16. Variation in the sediment removal (flushing) efficiency (%) for the sedimentary
dimensionless index of Hs=Do ¼ 4:59 for different discharge dimensionless indexes
according to the type of structure.
4. Conclusions

The structural effects on the sediment flushing cone dimensions
using a new structurewith branch angles of 30�, 45�, and 60� named
DBE structures, were investigated and compared with those of a
previous structure, PSC, and a reference test without any structure.
The DBE structure should be considered in the design stage of the
dam from the very beginning of dam construction. The experiments
were done for three flows of 12.5,15, and 18 L/s, and three sediment
heights of 39.5 cm (no blockage), 45 cm (blockage height ¼ 0:5Do),
and 50.5 cm (blockage height ¼ Do). The current study focused on
non-cohesive and coarse sediment due to the complexities and
uncertainties involved in modeling of cohesive sediment and the
results are only valid for non-cohesive sediment. Consequently, the
results indicated that using a DBE structure with an angle of 30�

between the branches, a sedimentary dimensionless index of

Hs=Do ¼ 4:59, and a flow dimensionless index of Qo=

ffiffiffiffiffiffiffiffiffiffiffi
gDo

5
q

¼ 1:43
led to an efficiency increase of 10 times compared to the reference
test and 2.03 times compared to the PSC structure test. In addition,
with the increase in the dimensionless index of flow from 0.99 to
1.43, the length of the maximum increase in the sediment flushing
cone reached 4.92 times the reference value, themaximum increase
in the width of the sediment flushing cone was equal to 1.34 times
the reference value, and the depth of the cone with a constant in-
crease was equal to 1.21 times the reference test value for the three
levels of blockage. With the increase in the dimensionless index of
the sediment height from 3.59 to 4.59, the length of the maximum
increase in the sedimentflushing cone reached4 times the reference
value, the maximum increase in the width of the sediment flushing
cone was equal to 1.47 times the reference value, and the depth of
the cone with a constant increase was equal to 1.2 times the refer-
ence test value for the three levels of blockage. Finally, according to a
statistical analysis of the laboratory data, a dimensionless equation
with R2 ¼ 0.98 for the prediction of the sediment flushing cone
volume and dimensionless equation for the prediction of the sedi-
ment flushing cone length, width, and depth, for the application
range of this study which consists of 3:59 � HS

DO
� 4:59,

0:99 � Qoffiffiffiffiffiffiffiffiffi
g Do

5
p � 1:43, and 30� � q � 60�, are presented.
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Notation

D10 Sediment particle diameter at which 10% of the sample
is finer than this value (m)

D16 Sediment particle diameter at which 16% of the sample
is finer than this value (m)

D30 Sediment particle diameter at which 30% of the sample
is finer than this value (m)

D50 Median size of sediment particles (m)
D60 Sediment particle diameter at which 60% of the sample

is finer than this value (m)
D84 Sediment particle diameter at which 84% of the sample

is finer than this value (m)



H. Haghjouei et al. / International Journal of Sediment Research 36 (2021) 335e347 347
DC Depth of the sediment flushing cone (m)
DDBE Diameter of the DBE structure (m)
Do Diameter of the bottom-outlet (m)
DBE Dendritic bottomless extended structure
E Flushing efficiency (dimensionless)
Fr Froude number (dimensionless)
g Acceleration due to gravity (m/s2)
Gs Specific gravity of the sediment (dimensionless)
Hs Sediment head above the bottom-outlet (m)
Hw Total water head above the bottom-outlet (m)
LC Length of the sediment flushing cone (m)
LDBE Length of the branches of the DBE structure (m)
N Number of branches of the DBE structure

(dimensionless)
PST The photo scan technique to obtain the topography of

the sediment cone in each experiment
Qo Outlet discharge (m3/s)
R2 Coefficient of determination of the prediction equations
Re Reynolds number (dimensionless)
SE The standard error lines representing the average

distance the observed values fall from the regression
line

WC Width of the sediment flushing cone (m)
q Angle between the branches of the DBE structure

(dimensionless)
qf Internal friction angle of the sediment (dimensionless)
rs Sediment density (kg/m3)
rw Fluid density (kg/m3)
m Fluid dynamic viscosity (kg/m.s)
cc Volume of the sediment flushing cone (m3)
cw Volume of the evacuated water (m3)
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