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ABSTRACT

Among several techniques for prevention and mitigation of  reservoir sedimentation, bottom outlets arise as a means of  removing 
sediment deposited close to the dam. Given the reduced sediment removal provided by traditional bottom outlets under pressure 
flushing conditions, this article proposes a new type of  structure that aims to increase sediment removal in the direction parallel to the 
dam axis. An experimental installation was employed to evaluate its operation as a function of  the variation of  its diameter and flow 
and sediment characteristics. Through analysis of  the bathymetry generated by the structure, a dimensionless relation for predicting 
the scour pit length was obtained, presenting good fitness to the experimental data.
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RESUMO

Entre as medidas de prevenção e mitigação da sedimentação em reservatórios, descarregadores de fundo se apresentam como uma forma 
de remover sedimentos que se depositam junto ao barramento. Dada a restrita remoção de sedimento gerada pelos descarregadores 
tradicionais em condições de pressure flushing, este artigo propõe uma nova configuração de descarregador de fundo que visa aumentar 
o alcance de remoção de sedimentos no sentido paralelo ao eixo da barragem. Foi empregada uma instalação experimental para avaliar 
seu funcionamento em função da variação de seu diâmetro e de características do escoamento e do sedimento. Através da análise da 
batimetria gerada pela estrutura, desenvolveu-se uma relação adimensional que estima o alcance de remoção de sedimento, apresentando 
bom ajuste aos dados experimentais.

Palavras-chave: Assoreamento de reservatórios; Descarregador de fundo; Pressure flushing; Sedimento; Tomada de água.
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INTRODUCTION

Reservoir sedimentation is a major problem in dam 
operation. Sediment accumulation inside the reservoir reduces 
water storage capacity besides hampering the operation of  water 
intakes, clogging them, and turbines, causing abrasion of  their 
components (Schleiss et al., 2016). Globally, sedimentation causes 
loss of  1% of  total storage volume every year (George et al., 2017; 
Mahmood, 1987; World Commission on Dams, 2000) with greater 
values observed in Asia, where it can be 1.7% (Wen Shen, 1999). 
In countries like Brazil, where 66% of  electric energy comes from 
hydropower dams (Empresa de Pesquisa Energética, 2019), reservoir 
sedimentation is an issue with growing importance. Besides the 
loss of  storage capacity, sedimentation modifies river morphology 
and nutrient transport related to sediment due to the interruption 
of  sediment flow downstream (Juracek, 2015; Mahmood, 1987).

There is a global trend for a growing demand for water 
and energy (United Nations Educational, Scientific and Cultural 
Organization, 2019). Therefore, the life expectancy of  reservoirs 
must be maximized, because the construction of  new dams is 
onerous, bound to extensive processes of  environmental licensing 
and depends on the existence of  suitable places for its installation 
– which are increasingly scarce (Wen Shen, 1999). Mitigation and 
prevention of  sedimentation constitute essential tasks in achieving 
that objective.

Bottom outlets are useful tools for sediment removal close 
to the dam since other sediment management techniques hold 
considerable disadvantages: mechanical dredging is expensive; 
plans for adopting soil control measures to reduce erosion in the 
watershed depend on the coordination of  several parts of  society; 
by-pass structures are unusual in Brazilian and other countries 
realities (Wen Shen, 1999).

Bottom outlets usage as a sedimentation mitigation measure in 
dams is achieved under two possible conditions: drawdown flushing 
and pressure flushing (Lai & Shen, 1996). Drawdown flushing 
consists of  eroding sediment deposits and routing them downstream 
through a complete drawdown of  water level and consequent 
emptying of  the reservoir (what restrains its operation), resulting 
in free surface flow along all bottom outlet length (Kondolf  et al., 
2014). In this way, storage capacity is recovered from sediment 
deposits by eroding them like a river. This technique has been 
investigated by several authors through physical and mathematical 
modelling (Atkinson, 1996; Chaudhary et al., 2019; Lai & Shen, 
1996; Taleb Bidokhti & Naghshineh, 2004; Wen Shen, 1999) and 
has been successfully applied worldwide (Chaudhry & Rehman, 
2012; Kondolf  et al., 2014). On the other hand, operation under 
pressure flushing conditions only serves for scouring sediments 
deposited in the vicinity of  water intakes (Kondolf  et al., 2014; 
Wen Shen, 1999). Activating the bottom outlet makes the flow 
concentrate around the structure, generating high velocities and, 
therefore, high shear stresses that destabilize the sediment deposit 
and trigger, locally, the erosive process. However, flow velocity 
decreases in the upstream direction faster than the square of  the 
distance (Mahmood, 1987). This is why the erosion due to this 
technique only affects a region restricted to the vicinity of  the 
bottom outlet, forming a scour cone upstream (Meshkati et al., 
2010). This forces water intakes to generally be placed near bottom 
outlets to make its desilting possible (Kamble et al., 2018).

Several authors have proposed equations for predicting 
the dimensions of  the scour cone and the efficiency of  bottom 
outlets as a function of  parameters of  sediment, flow, and 
geometry of  the bottom outlet (Abreu, 2019; Emamgholizadeh, 
2012; Emamgholizadeh et al., 2006; Emamgholizadeh & Fathi-
Moghdam, 2014; Fathi-Moghadam et al., 2010; Kamble et al., 2018; 
Meshkati et al., 2009, 2010; White & Bettess, 1984). The majority 
of  the studies hitherto aimed to describe the functioning of  bottom 
outlets of  circular cross section installed in the face of  the dam, 
being scarce investigations of  new configurations. Madadi et al. 
(2017) propose an interesting new geometry (different from this 
article’s proposal) consisting of  a pipe with semicircular cross 
section that projects itself  towards the reservoir orthogonally to the 
dam. The authors state that it increases the efficiency of  pressure 
flushing and the dimensions of  the flushing cone in relation to 
those obtained with traditional bottom outlets.

Since increasing the removal of  deposited sediment through 
bottom outlets may contribute to maximizing the lifespan of  
reservoirs, this article presents a new configuration of  bottom 
outlet that aims to promote more sediment removal in the direction 
parallel to the dam’s axis, allowing more freedom in placing water 
intakes. The proposed bottom outlet structure, called slotted pipe 
bottom outlet, is composed of  a pipe with an orifice at its end 
and slots parallel to its cross section that is placed parallel to the 
dam’s axis. Experimental studies were conducted in order to verify 
the influence of  the variation of  pipe diameter, the density of  
sediments and discharge in the functioning of  the structure under 
pressure flushing conditions. This article presents an analysis of  
the effect of  the bottom outlet regarding the shape of  the erosion 
generated and a dimensionless relation for predicting the length of  
the scour pit as a function of  flow, sediment, and bottom outlet 
geometric characteristics.

EXPERIMENTAL SET-UP

Experiments were conducted at the Hydraulic Works 
Laboratory (LOH, acronym in Portuguese) of  Rio Grande do 
Sul Federal University (UFRGS, acronym in Portuguese). The 
experimental installation, as shown in Figure 1, represents a 
hypothetic dam equipped with a bottom outlet and a sediment 
deposit upstream. The discharge was measured by two Krohne 
Conaut Optiflux 2000F flow meters, one measures discharge values 
up to 15 m3/h and the other up to 500 m3/h with a precision of  
± 0.1%. In the center of  the wall that represents the dam, there 
was a 100 mm diameter circular orifice, which received the flow 
from the slotted pipe bottom outlet. The invert of  the bottom 
outlet was 17 cm above the metallic channel floor. The channel had 
an on-rail movable mechanism used to perform the bathymetric 
surveys of  the sediment deposit. Parallel to the dam wall was 
placed the slotted pipe bottom outlet as can be seen in Figure 2.

Pipe lengths were defined through previous experiments 
carried out to avoid the scour pit from reaching the sidewalls of  
the channel. Slot shape (vertical, extending from the obvert to 
half  the circumference) was defined through previous experiments 
realized to avoid its obstruction by sediment particles. Four 
nominal PVC diameters (DN) were used: 32, 50, 75 and 100 mm. 
Bottom outlet length (L) for each DN is; respectively; 45.4 cm; 
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75.0 cm; 49.4 cm and 53.2 cm. The distance between slots is of  
one nominal diameter and its width is 10% one nominal diameter 
(see Figure 3). This configuration was chosen as the most adequate 
after previous experiments that aimed to maximize the dimension 
of  the erosion pit and minimize slot obstruction.

Sediments were selected to cover a wide range of  densities 
and, thus, verify its influence in the process of  sediment removal 
through the bottom outlet. Tyre rubber granules (mean density 

of  1080 kg/m3; median diameter (d50) of  1.18 mm, standard 
deviation (d84/d16)

0.5 of  0.71, shape factor of  0.63 and repose 
angle of  46° (Campello, 2017)) and sand (density of  2610 kg/m3, 
median diameter (d50) of  0.35 mm,, standard deviation (d84/d16)

0,5 
of  0.61 and repose angle of  29.5° (Abreu, 2019)) were employed 
as non-cohesive sediments. The sediment deposit had a constant 
thickness of  13 cm over the invert of  the bottom outlets in all 
experiments. The topography of  the scoured sediment deposit 

Figure 1. Experimental installation, dimensions in meters (modified after Abreu et al., 2018).

Figure 2. Slotted pipe bottom outlet.
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was surveyed with a laser distance measurer of  ± 1 mm accuracy 
and the water level was assessed with a point gauge of  ± 0.1 mm 
accuracy.

EXPERIMENTAL PROCEDURE

With the bottom outlet closed by downstream, the water 
was pumped to the channel until it reached a level close to 
the water level required for the beginning of  the experiment. 
Then, the inflow was stopped and the sediment deposit was 
leveled. After that, inflow started again, but this time with the 
discharge value intended for the experiment. The bottom outlet 
was opened when the water level reached the intended value. 
From this moment, measures of  discharge and water level were 
taken every 20 min until its stabilization. The experiment starts 
in unsteady state because it was not known beforehand which 
water level corresponded to the desired discharge through the 
bottom outlet. Therefore, as the discharge was kept constant, the 
water level rose until the pumped inflow matched the discharged 
outflow. The water level was deemed stable when two successive 
measures matched with a tolerance of  0.1 mm. At this moment, 
if  the sediment removal had already stopped (visual verification), 
the steady state was reached and the final measures of  water 
level and discharge were taken as the boundary conditions that 
generated the scour pit observed and the experiment was ended. 
If  the sediment removal had not stopped when the water level 
stabilized, the experiment continued until there was no more 
sediment movement. In general, sediment removal stopped much 
earlier than the stabilization time for water level. Stabilization time 
ranged from 40 min to 4 h. Afterwards, the pump was turned 
off  and the channel was drained by the same inflow pipe with 
a low discharge (about 1.5 l/s) to avoid destabilization of  the 
scour pit. With the channel empty, the x, y and z coordinates 
of  the bathymetry generated in the sediment deposit were 
measured moving the laser distance measurer with the on-rail 
movable mechanism. The resolution of  the measurements was 
4 cm in the horizontal plane and 1 mm in the vertical plane. The 
combinations of  discharge and water level over the slot base 
(Hw) for each material and diameter can be seen in Table 1. In 

total, 50 experiments were conducted with at least one repeat 
for each combination of  material, diameter, and discharge.

DIMENSIONAL ANALYSIS

The hydraulic and geometric parameters considered in the 
analysis of  the results were the mean inflow velocity at the slots 
(ur), water column over the slot base (Hw), sediment density (ρs), 
fluid density (ρ), internal diameter of  the structure (Dint), median 
diameter of  sediment or d50 (d), sediment column above the slot base 
at a certain point in the scour profile (Hs), gravitational acceleration 
(g) and length of  scour pit in the upstream direction at a certain 
point in the scour profile or flushing range (Ls). The coordinate 
system adopted does not match with x, y and z coordinates from 
the bathymetry (situation in which all bottom outlets had their 
inverts at the same z value). A translation of  the coordinates was 
made in order to match the origin of  Ls, Hs and Hw values with 
the slot base and the external diameter of  the slotted pipe bottom 
outlet as schematized in Figure 4.

From Vaschy-Buckingham π theorem and the evaluation 
of  dimensionless groups used by other authors (Abreu, 2019; 

Figure 3. Plan (a) and front (b) views of  the slotted pipe bottom 
outlet and its dimensions.

Table 1. Range of  boundary conditions in the experiments.

DN 
(mm)

Rubber Sand
Discharge 

(l/s) Hw (m) Discharge 
(l/s) Hw (m)

32 – – 0.77 0.347
– – 0.82 0.358
– – 0.87 0.399
– – 0.88 0.399

50 1.23 0.182 1.26 0.162
1.70 0.245 1.30 0.180
1.70 0.247 1.70 0.251
2.15 0.395 1.72 0.249
2.40 0.382 2.14 0.370

– – 2.15 0.368
– – 2.19 0.379
– – 2.19 0.380
– – 2.27 0.394

75 4.39 0.333 4.00 0.263
4.50 0.305 4.01 0.247
4.97 0.356 4.50 0.270
4.99 0.356 4.50 0.273
5.00 0.363 5.00 0.313
5.00 0.373 5.00 0.315
5.19 0.379 5.16 0.334
5.20 0.380 5.20 0.328

– – 5.20 0.342
– – 5.70 0.395
– – 5.70 0.397

100 8.60 0.207 8.40 0.276
8.60 0.248 8.45 0.276
8.60 0.273 8.80 0.284
9.00 0.279 8.80 0.303
9.00 0.294 9.50 0.303
9.50 0.332 9.50 0.336
9.50 0.378 – –
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Emamgholizadeh et al., 2006; Fathi-Moghadam et al., 2010; 
Meshkati et al., 2010), the following dimensionless parameters 
turned up relevant in the representation of  the scour pit geometry:

, , ,w s sr

s int

H Luf 0
H Dgd

ρ ρ
ρ

 −
=  

 
  (1)

The aim is to obtain a relationship among dimensionless 
groups that allow estimation of  the length of  the sediment removal 
caused by the slots of  the slotted pipe bottom outlet.

RESULTS AND DISCUSSION

Form of  scour pit

Two situations were observed in the experiments (see 
Figure 5): in the called Case A, the sediments were not removed 
along all the bottom outlet extension and, in the called Case B, 
sediment removal occurred in all the extension of  the structure. 
Case A was observed with diameters DN32 and DN50 and Case 
B was observed with DN75 and DN100 regardless of  sediment 
type and discharge value.

Flow in Case A was not able to clear all pipe extension, 
in a way that sediment removal occurred only through slots. The 
pit generated possesses an approximately constant cross section 
since all slots have the same geometry and are equally spaced. In 
Case B, the flow removed sediment along the entire structure, 
exposing the circular orifice at its end. Consequently, sediment 
removal took place through slots and orifice. It was observed that 
the maximum flushing range (Lsmax) through the pipe end is, on 
average, 40% greater than Lsmax due to slots.

Sediment removal process

The driving force for the flow through the bottom outlet 
is the pressure gradient between upstream and downstream. If  
the water column is too low (little relation Hw/Hs), pressure may 
not be sufficient to overcome the initial resistance represented by 

sediment despite the activation of  the structure. In the majority 
of  experiments, sediment motion started immediately after the 
opening of  the bottom outlet. Only in DN50 experiments with 
discharges 1.23 l/s and 1.30 l/s and two DN75 experiments with 
4.00 l/s the initial water level was not enough to promote sediment 
removal. In those cases, the water level upstream of  the dam rose 
until the pressure gradient was sufficient for transporting sediment 
inside the pipe and generating velocities that prevented it from 
depositing. Relation Hw/Hs when movement began in those 
experiments were 1.21; 1.11; 1.38 and 1.31 respectively. These 
observations agree with the statement of  Fathi-Moghadam et al. 
(2010) that pressure is the most relevant variable for the initiation 
of  particle movement through bottom outlets under pressure 
flushing conditions.

Scour pit development occurred rapidly in all experiments. 
Soon after the initiation of  movement, a great amount of  
sediment was routed through the bottom outlet, generating a 
heavily sediment-laden flow downstream of  the dam. However, 
the sediment load gradually decreased and by the end of  the first 
three minutes, approximately, the flow did not present turbidity 
anymore. Stabilization of  the scour pit happened when the increase 
of  cross section due to erosion caused a decrease of  flow velocity 
to values that were not able to remove sediments from the bed.

Flow throughout slotted pipe bottom outlet

Observations of  Case A suggest the flow pattern through 
the bottom outlet shown in Figure 6. The extremity of  the outlet 
is kept clogged by sediments in a way that sediment removal only 

Figure 4. Coordinate system employed in the analysis.

Figure 5. Types of  scour pit: sediment removal only through slots 
(Case A; DN50; 2.15 l/s) and removal through slots and circular 
orifice (Case B; DN75; 5.70 l/s).
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happens through the slots. As stated before, Lsmax is approximately 
constant for all slots. Therefore, it is possible to assume that inflow 
velocity at the slots is constant along the structure. Furthermore, 
as the slots are identical, it is inferred that the discharges are as 
well constant for all slots and that its sum results in the total 
discharge flowing through the bottom outlet. Considering the slot 
area as the surface area of  the external diameter regarding one 
slot (Figure 7) and the continuity equation, the inflow velocity in 
a slot may be written as

( )/
r r

r
r

Q Qu
A DN 2 Rπ

= =   (2)

in which ur = mean inflow velocity at a slot, Qr = slot discharge, 
Ar = slot area, and R = slot width.

Case B is very similar to Case A, however, flow passes 
through the slots and the circular orifice at the bottom outlet’s 
end as depicted in Figure 8.

Since it was observed a flushing range 40% greater in the 
pipe extremity than in the slots and that the orifice area is much 
bigger than the slot area, it is inferred that the discharge is greater 
in the orifice as well when compared to a single slot. However, 
there is no sufficient data to calculate directly the slot discharge 
and the orifice discharge as there were no experimental measures 
of  flow velocity. Nevertheless, the constant flushing range by 
the slots out of  the influence zone of  the circular orifice makes 
reasonable assuming that, accordingly to Figure 8, Equations 3 
and 4 are valid.

1 2 3 4 5 6Q Q Q Q Q Q≈ ≈ ≈ ≈ <   (3)

1 2 3 4 5 6Q Q Q  Q Q Q Q= + + + + +   (4)

in which Q6 = circular orifice discharge.

Profile analysis

Figure 9 presents the position of  the profiles that are 
considered sufficient for characterizing the geometry of  the 
scour pit generated by the slotted pipe bottom outlet. The 
sidewalls of  the channel and the dam wall in relation to the 
scour pit location may be seen as well. This paper only analyzes 
the sediment removal by the slots; consequently, only profiles 
P2 and P5 are detailed. In the direction of  P2 and P5 profiles, 
the number of  points surveyed from the scour pit depended on 
the extent of  the scour, but at least 6 points were surveyed with 
the laser distance measurer for each experiment. These points 
were interpolated to obtain the contour levels from which the 
profiles were extracted.

Figure 10 presents P2 and P5 profiles for the experiments 
respective to sand as sediment (symbol shape depends on pipe 
diameter). It is noticeable the variation of  Ls as a function of  
outlet diameter and discharge. Particularly, it is observed an 
increase in Ls with increasing diameter. The slope of  the scour 
pit bed profile is nearly the same in all experiments with sand 
regardless of  diameter and discharge. Its slope (approximately 
30º with the horizontal plane) is very similar to the repose 
angle of  the employed sand (29.5°), what confirms the results 

of  previous studies such as Scheuerlein et al. (2004), Fathi-
Moghadam et al. (2010) and Sawadogo et al. (2019). It may 
also be noticed that slots tend to remove sediment in lower 
elevations with the increase in outlet diameter. Since the profile 
slope is practically constant, greater removal is observed with 
increasing diameter because the profile is displaced away from 
the structure to maintain its slope.

Figure 11 compares the variation of  Ls for each diameter as 
a function of  sediment type. The value of  Ls in experiments with 
sand is, in general, greater or equal to Ls obtained in experiments 
with rubber. These results may seem to disagree with the expected 
results prior to the execution of  experiments since the flushing 
range should increase with a decrease in sediment density (Abreu, 
2019; Fathi-Moghadam et al., 2010), that is to say, rubber should 
have been eroded more easily than sand due to its lower density. 
However, the repose angle of  rubber is appreciably greater than 
the repose angle of  sand and, as stated before, the scour pit slope 
tends to be similar to the repose angle of  sediment. The greater 
repose angle of  rubber granules in comparison with sand is due 
to its greater diameter in some extent but is particularly due to its 
shape factor. Rubber granules are much sharper and have a more 
angular format than the sand grains. Despite the expected influence 
of  sediment density not being observed in the flushing range due 
to the prevalence of  the repose angle of  rubber granules in the 
final slope of  the scour pit profile, it is believed that the deviation 

Figure 6. Flow pattern in Case A.

Figure 7. Dimensions that define a slot.

Figure 8. Flow pattern in Case B.
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from rubber repose angle as discharge and pipe diameter increased 
comes from its lower density. Rubber granules are more erodible 
than sand when taking into account density and grain diameter (for 
example, Shields number considering the same bed shear stress for 
both sediments is 1.082 for rubber and 0.089 for sand, i.e. rubber 
is more easily scoured than sand). Hence, a same increment in 
discharge should be able to remove more rubber than sand and 
this is believed to be the reason for the profile slope respective 
to rubber granules to become milder with increasing discharge 
and why it was not observed with sand. Possibly, it would require 

a greater increase in discharge to make profile slopes concerning 
sand less steep than its repose angle.

Another effect of  particle density may be noted in the 
sediment removal below slot base elevation. Abreu (2019) 
conducted experiments with four materials of  different densities 
and noted that sediment removal below outlet invert increases with 
decreasing density. Indeed, in this article, it was observed some 
sediment removal below slot base elevation in experiments with 
sand (ρ = 2160 kg/m3). However, in experiments with rubber 
granules (ρ = 1080 kg/m3) and DN100 (greater discharges), the 

Figure 9. Profiles that characterize scour pit dimensions in Cases A (DN50; 2.19 l/s) and B (DN75; 5.70 l/s).

Figure 10. Profiles P2 and P5 generated by slots in experiments with sand as sediment. Symbol shape depends on pipe diameter.



RBRH, Porto Alegre, v. 26, e01, 20218/11

Experimental study of  pressure flushing of  non-cohesive sediment through slotted pipe bottom outlet

placement of  the bottom of  the profiles in negative elevations 
(below slot base) is remarkable. In other words, as discharge and 
pipe diameter increase, the expected differences due to variation 
of  sediment density become visible because the effect of  shape 
factor becomes less important than particle density influence. 
These results indicate that in experimental installations for this 
type of  investigation it is necessary to consider the shape factor 
of  grains in the election of  materials for representing sediment 
in order to properly evaluate the effect of  other variables like 
particle density and particle diameter.

Estimation of  flushing range

The search for an equation that represents the functioning 
of  the slots of  the proposed structure took place through the 
nondimensionalisation of  profiles P2 for Case A because it is the 
only observed situation in which it is possible to calculate inflow 
velocity at the slots from Equation 2 directly.

The relation that allows localizing a point in the vertical 
direction of  a profile for any scour pit was defined by Equation 5

* s
s

smáx

HH
H

=   (5)

in which Hs* varies from 0 to 1; 0 value is related to slot base 
elevation and 1 is related to the surface of  sediment deposit (see 

Figure 11. Profiles P2 and P5 generated by slots in experiments with rubber and sand as sediments ordered by pipe diameter.

Figure 3). It was aimed a relation between the dimensionless groups 
of  Equation 1 with Hs* along the profiles obtained experimentally. 
In this way, the resulting equation would allow predicting the entire 
scour pit profile generated by the slots of  the slotted pipe bottom 
outlet. Figure 12 presents the dimensionless relation obtained 
between Hs* and П*, which is given by Equation 6

. . . .
*

int

0 5 0 5 0 5 0 15H L uw s sr
H D gds

ρ ρ
Π

ρ

− −    −   
   =               

  (6)

The first two terms in the right-hand side of  Equation 6 
vary along the profiles observed in the experiments and represent 
the shape of  the nondimensionalised profiles in Figure 12, whereas 
the two latter terms are constants for one particular profile, varying 
between experiments.

As in the works of  other authors (Emamgholizadeh 
& Fathi-Moghdam, 2014; Kamble et al., 2018; Meshkati et al., 
2010), Hw/Hs poses as an important parameter for describing the 
phenomenon. Parameter Ls/Dint allows, by solving the equation 
for Ls, estimating the length of  the scour pit generated by the 
proposed bottom outlet. The parameter that considers ur is similar 
to the modified Shields parameter employed in the dimensionless 
equation proposed by Fathi-Moghadam et al. (2010) (Equation 7) 
with the difference that the relation between densities is taken into 
account in another dimensionless group:
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( )

. .

.

0 10 0 033
s

ws 50

HL u8 19
D Hg G 1 d

−    =   −   
  (7)

where Gs is the specific gravity of  sediment and d50 is the mean 
grain diameter of  non-cohesive sediment.

It was considered important to utilize the same modified 
Shields parameter, however, the relation between densities came 
out less representative than the other parameters for it is raised 
to 0.1 power. This does not mean that the phenomenon is weakly 
dependent on particle density at all, but only that there was not 
enough difference among observed profiles from experiments with 
sand and rubber to the relation of  densities to be more relevant. It 
is believed that this low observed difference is the product of  the 
rubber granules shape factor effect previously discussed. Albeit 
shape factor has turned up important in some experiments, the 
results showed that its influence decreases with increasing values 
of  discharge and bottom outlet diameter. In prototype scale, those 
variables values must be much greater than the ones employed 
in this article, whereas particle diameter should not increase in 
the same proportion. In Brazilian reality, for instance, particle 
diameter ranges from medium gravel to medium silt. Therefore, 
the shape factor influence must be less relevant and this is why it 
was disregarded in the dimensionless equation proposed.

Given those considerations, the dimensionless relation 
proposed may be used for estimating the length of  scour pit 
generated by a slotted pipe bottom outlet between these limits: 

w

smáx

H
H  from 1.38 to 3.94; ru

gd
 from 3.24 to 10.53; sρ ρ

ρ
−  from 

0.08 to 1.61; smáx

int

H
D

 from 1.35 to 4.64.

CONCLUSIONS

The silting of  water intakes is an issue that can severely 
affect dam operation, especially when there is a need for placing 
them far from the deepest regions of  the reservoir. Thus, a new 
structure of  bottom outlet that allows an increase of  sediment 
removal in the direction parallel to the dam axis was proposed. 
Its operation was verified in terms of  the form of  the scour pit 

generated and of  the influence of  its diameter, sediment type, 
and flow conditions.

A dimensionless equation for predicting the flushing 
range due to slots was presented. It is important, however, to 
pay attention to its limitations. The sediments employed are non-
cohesive and, mainly sand, poorly graded so that the equation 
showed in Figure 12 should be applied with caution when working 
with sediment deposits of  well graded or gap graded grain size 
distribution. In a prototype, the sediment type that deposits 
close to the dam may be very fine, possibly cohesive. Erosion 
processes of  cohesive sediments are not equal to the scouring 
of  non-cohesive ones, mostly if  deposits possess some degree 
of  consolidation (situation in which sediment removal will be 
reduced). In addition, the sediment reaching the dam may deposit 
inside the slotted pipe through the slots, filling the structure in the 
period between consecutive operations and ultimately resulting in 
malfunctioning of  the outlet setup. Therefore, it is advisable to 
develop a regular operation plan to avoid clogging of  the system 
and consolidation of  deposits.

Damage due to cavitation (high flow velocity) and erosion 
(high flow velocity associated with high sediment concentration) 
is an aspect that is generally considered in the design of  conduits 
in dams and that have been reported in bottom outlet operation 
(Amirsayafi, 2015). The design of  the slotted pipe bottom outlet 
should be no different from traditional bottom outlets in this 
aspect since it will face the same type of  heavily sediment-laden 
and high-velocity flow. Therefore, a material resistant to the 
abrasion caused by the flow should be selected for construction 
of  the structure.

Given those reservations, the proposed equation may be 
used to predict erosion profiles generated by the slotted pipe 
bottom outlet in preliminary design, not excluding the need for 
studying particular cases through physical and mathematical 
modeling. The proposed structure should be incorporated into 
real dams in order to evaluate its effectiveness and the validity of  
the proposed dimensionless equation.

The following investigation suggestions should be carried 
out in order to further develop the knowledge about the functioning 
of  the slotted pipe bottom outlet: operate the structure under 
greater hydraulic heads (the experimental installation employed 
was limited to a maximum of  43 cm of  water column over the 
invert of  bottom outlets); experimentally measure local velocities 
in order to know the discharge distribution along the structure 
and, hence, be able to analyze the remaining profiles described 
in this article, obtain the discharge coefficient and evaluate the 
head losses; develop an equation for determining whether Case 
A or Case B will take place and how many slots may be cleared; 
employ other configurations of  width and spacing between slots; 
employ sediments with other densities and diameters and with de 
least relevant shape factor effect as possible.
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Figure 12. Dimensionless relation obtained for estimation of  Ls.
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