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Abstract: This paper presents a systematic analysis of the hydraulic flushing capacity of a stored
volume of water to remove sediments. This analysis is based on 90 laboratory experiments in which
the volume of sediment evacuated was measured for varying initial volumes of water, three bed
slopes, and three sediment sizes. The experiments consisted of the rapid emptying of a reservoir by
means of suddenly opening a tilting gate downstream. This opening produced an accelerated flow
which eroded the mobile bed of the reservoir. The efficacy of flushing, herein defined as the ratio of
the volume of sediments evacuated to the volume of water released, increased with the initial slope,
and decreased as the initial volume of water increased. In relation to the sediment size, while the
results obtained for the coarse and medium sands were very similar to each other, the results obtained
for the fine sand were affected by the existence of apparent cohesion in the mobile bed. In comparison
to the results obtained for the medium and coarse sands, this apparent cohesion reduced the volume
of sediment evacuated by a given volume of water and hence, the efficacy of flushing.

Keywords: reservoir sedimentation; flushing efficacy; sediment transport; sedimentology; hydraulics

1. Introduction

Reservoir sedimentation has become a major concern for dams’ operators and own-
ers. The gradual and incessant loss of storage capacity in reservoirs, owing to sediment
deposition, reduces their operability and sustainability. In addition, the impoundment of
sediments upstream of the dam alters the riverine sediment balance, resulting in a lack
of sediments downstream [1,2]. This, in turn, leads to bed erosion and impoverished
habitats downstream, owing to a deficit in those nutrients transported with the sediment
particles [1,3]. In addition, the dam impedes the natural migration of riverine species
upstream, which often results in a reduction in the species richness and the number of
some assemblages [4]. In extreme cases, the sediment deposits in reservoirs may partially
or totally block the water release structures, or even render the reservoir definitively inop-
erable [5,6]. The worldwide average loss of storage capacity has been estimated to range
from 0.5% to 1.0% of volume per year [2,6-8]. Nevertheless, and depending on the region,
this rate may reach higher values, such as the 4.3% reported by [9] for the reservoirs of
California State in 2008. At a global scale, the loss of storage capacity owing to reservoir
sedimentation, and the decrease in the rate at which new reservoirs are being built, have
led to a decrease in the total net reservoir storage volume since 2000, and a decrease in the
storage volume per capita since 1980 [1]. Moreover, these trends may be aggravated by a
climate change scenario in which sediment yield is expected to increase [10,11], thereby
raising the amounts of sediment being deposited in reservoirs.

Sediment management strategies seek to mitigate the negative effects derived from
sediment depositing in reservoirs. Such strategies can be classified into three groups:
(i) measures to reduce the fraction of sediment yield that enters the reservoirs; (ii) measures
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to minimize sediment deposition within reservoirs; and (iii) measures to recover or to
increase storage volume in the reservoir [2,12,13]. Among the measures included in the
third group, the present study focuses on hydraulic flushing, which consists of the opening
of the low-level outlets of a dam to remove previously deposited sediments. In addition,
extreme cases of flushing are those dam removal projects in which the reservoirs are rapidly
drawn down by breaching the dam [14-16]. Flushing has been reported as being one of the
most efficient techniques for removing sediments from a reservoir [2,17,18]. However, this
efficiency depends on factors such as the initial water level, the geometry of the reservoir,
the capacity of the low-level outlets, the hydrology of the region, and the characteristics of
the sediment deposited. Thus, when flushing is carried out with a water level that is so
high as to cause a pressure flow through the low-level outlets, it is called pressure flushing,
and the resulting erosion is limited to a cone-shaped zone in the vicinity of the outlets [19].
On the contrary, when the water level drops and the flow becomes a free-surface flow,
it is called free-flow flushing, and the resulting erosion may extend several kilometers
upstream of the outlets, eroding a channel and removing a large volume of sediments
from the reservoir. Those reservoirs equipped with low-level outlets with a relatively
large capacity, located in narrow valleys with steep sides, steep longitudinal slopes, and
with strong seasonal flow patterns are the most suitable for successful flushing [2,13,17].
Additionally, [12] stated that, for flushing to be successful, the ratio of capacity to mean
annual flow of the reservoir should be less than 4%, because a larger capacity would affect
the reservoir draw down. Furthermore, periodic and controlled release of sediments from a
reservoir can be beneficial for the riverine ecosystem, as it reduces the deficit of sediments
downstream of the dam and may provide spawning grounds for fishes, especially when
gravel predominates among the released sediments. On the contrary, when fine sediments
are predominant in the release, severe environmental impacts can be created downstream
of the dam. Flushing releases with fine sediments are characterized by high sediment
concentrations and, consequently, they reduce the oxygen concentration, the visibility, and
the light penetration. The deposition of sediment also often results in infilled pools and
bed clogging, reducing the sites for spawning and impoverishing fish habitats [1].

The existing knowledge about flushing has been gained mainly from case studies
based on field observations and measurements, performed during flushing operations in
real reservoirs [2,3,13,17,18]. In addition, numerical studies, also based on case studies,
have significantly contributed to characterizing and optimizing the processes involved
in flushing [20-23]. In contrast, few experimental studies conducted under controlled
laboratory conditions have systematically investigated the flushing technique. This is the
case of the studies by [14], which focused on the geomorphic response of a channel after a
dam removal, and that by [24], which focused on the evolution and characterization of the
flushing channel and on the amount of sediment removed. Furthermore, in most of the
flushing operations documented by the studies referred to above, sediments were eroded
by the natural discharge of the river, which flowed through the low-level outlets as a free-
surface flow. In this context, the present study focuses on those reservoirs located in arid or
semiarid regions in which the hydrological conditions result in weak river discharges with
low or negligible erosion capacity for flushing. Thus, the available water for flushing is
that previously stored in the reservoir.

Therefore, the present study proposes a detailed, novel, and systematic experimental
approach with the following objectives:

e To analyze the capacity of flushing sediments in a reservoir using only that water
previously stored in it.

e  To characterize the effects of the initial water head, the initial volume of water, the bed
slope, and the sediment grain size on the efficacy of flushing. This efficacy is herein
defined as the volume of sediments removed to the volume of water released.

To address these objectives, 90 laboratory experiments were conducted at the hydraulic

laboratory of Universidad Politécnica de Cartagena, Spain. These experiments included
different configurations of the reservoir geometry, bed slope, and sediment grain size.
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2. Methodology
2.1. Experimental Facility and Procedure

The experimental facility consisted of a 15 m long, 0.31 m wide, and 0.50 m high rect-
angular glass-wall flume, with an adjustable longitudinal slope. The flume was equipped
with a sluice gate upstream, a tilting gate downstream, and a sediment trap at the down-
stream end of the flume. The tilting gate was the same width as the flume (B = 0.31 m)
to characterize the maximum hydraulic capacity of the stored volume for flushing. The
bottom was elevated 0.15 m along 6 m, to ensure supercritical flow downstream of the
tilting gate. The origin of coordinates was located at the downstream end on the elevated
bottom (Figure 1).
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Figure 1. Sketch of the experimental facility. Not to scale.

Figure 1 sketches a lateral view of the experimental facility in which ki, stands for the
initial thickness of the sediment layer, /i, is the initial water head measured from the top
of the sediment layer, and L is the reservoir length, comprised between the tilting gate
(downstream) and the sluice gate (upstream) (Figure 1). Both i, and ks varied from 0.05 m
to 0.20 m by intervals of 0.05 m, and combined they gave ten pairs hs—W;,, in which:

For hs = 0.05 m, /iy, = 0.05 m, 0.10 m, 0.15 m, and 0.20 m.
For hs = 0.10 m, /iy, = 0.05 m, 0.10 m, and 0.15 m.

For hy = 0.15 m, hy = 0.05 m, and 0.10 m.

For hy = 0.20 m, iy, = 0.05 m.

The sediments consisted of three non-cohesive, well-sorted silica-sands (s = 2600 kg / m?)
with dsp = 0.39, 0.80, and 1.54 mm, referred to as fine, medium, and coarse, respectively.
The experimental set-up consisted of a total of 90 experiments, including:

e  Thirty experiments in which ten pairs hs—Hh,, were tested for an initial bed slope
So = 0.0%, for the medium sand, and for three different reservoir lengths: L = 5.997 m,
9.287 m, and 12.043 m with AL = £0.001 m accuracy.

e Twenty experiments in which ten pairs hs—Hh;, were tested for Sy = 0.5%, and 1.0%,
for the medium sand, and for L = 12.043 m.

e  Forty experiments in which ten pairs hs—hy, were tested for Sp = 0.0%, for the fine and
coarse sands, and for L = 5.997 m, and 12.043 m.

Prior to each experiment, a layer of unconsolidated loose sediments of thickness s was
extended and leveled throughout the elevated bottom with Ahs = +0.003 m accuracy. Later,
the flume was carefully filled up with water until reaching the level h, with Ahy, = +0.001
m accuracy, and the upstream sluice gate was closed to confine the initial volume of water
(Vw). The experiment started with a sudden opening of the tilting gate, and it finished
when the initial volume of water (V) was completely evacuated from the flume, along
with a volume of sediments (V). These sediments were collected in the sediment trap, to be
reused in subsequent experiments. Once the experiment had finished, the abscise of the
final position of the knickpoint xs was measured with Ax; = +0.005 m accuracy (Figure 2).
All the experiments were laterally recorded to follow the evolution of the bed and the water
surface. Figure 2 shows a lateral view of the experimental facility just before the beginning
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of one experiment and after finishing it. The final slope of the bed, downstream of the
knickpoint, was computed as S¢ = hs/xs (Figure 2b), and Vs was estimated geometrically as:

_ 1 2 -
Vim g B (1)

a) Tilting gate
- Iﬁsﬁ‘h——_’-uﬁ‘ -

Mobile bed

chkpomt

Figure 2. (a) Lateral view of the experimental facility just before the beginning of one experiment.
(b) Lateral view of the experimental facility at the end of the experiment.

Thus, the steeper Sf, the lower Vs, and vice versa. The measurement errors of Sf and

Vs were estimated as:
Ahg-xs + hg-Axg

AS; = 2 @)
(AB-hZ + B-2-hs-Ahs)-Sp + B-h2-AS¢
f

where AB = £0.005 m.

2.2. Dimensional Analysis

A dimensional analysis was performed in order to characterize the effects of the
reservoir geometry, the sediment characteristics, and the initial water head on Sg. Thus,
Sy depends on the following variables:

S¢ = f(B, L, hw, hs,So, dso,0, ps, V, 8, ts_cr) (4)

where, obviating those variables already defined, B is the width of the flume, p is the density
of water, v is the kinematic viscosity of water, g is the gravitational acceleration, and ux ., is
the critical shear velocity according to [25]. In this analysis, B can be eliminated because it
remains constant for all the experiments. Thus, by considering s as the length scale, p-hs3
as the mass scale, and hs/ux ., as the time scale, the Buskingham 7 theorem yields:

£ hw o dso ps—p v ghs
Sf f( h SO/ h 7 p /u*_cr.hsru*icrz

which, rearranged, reads:

L v gdso ps —p
Sf f( h 2 / u*cr‘d50, u*crz p (6)

©)
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which is equivalent to:
hy-L
Sf = f(;luzf SO/ Re,, T*_cr> (7)
S

where Re+ and 7+ , are the Shields’ parameters [25]. These parameters can be combined
as D+ = Res?3 . T*ﬁcrl/ 3, which is the non-dimensional sediment diameter [26]. Thus, the
dimensional analysis finally yields:

Iy L

where hy,-L/hs? is the product of the initial water head to sediment thickness ratio (/1,,/hs)
and the reservoir length to sediment thickness ratio (L/ks). The measurement error of the
parameter hy-L/hs® was estimated as:

Bl (A L+ hyy-AL)-h2 + hyy- L-2hs-Ahg
e i ©)

This analysis is also valid for characterizing the flushing efficacy (Vs/Vy) as a function
of the reservoir geometry, the sediment characteristics, and the initial water head. Thus, by
expressing S¢as a function of V; from Equation (1) and substituting in Equation (8), it reads:

1 2
1.B.h oL
2 s w
— (2= s D,

‘/s < hsz /SO/ ) (10)

where multiplying the term on the left side by h,/hs and by L/hs, and multiplying the first
parameter on the right side by B/h;, it reads:

B-hy-L B-L-hy
= D*
‘/S f( hs3 ’ SO/ ) (11)
which is equivalent to:
VS Vw
- = T A S ’ D*
Vi f < h53 0 ) (12)

where V;/Vy, stands for the efficacy of the flushing, and V,/ hs3 is the non-dimensional ini-
tial volume of water. Table 1 shows the values adopted in this study for the aforementioned
governing parameters.

Table 1. Adopted values for the governing variables and parameters.

Ny Lihg? Valhs® So D-
[-] [-] [%] [-]
Min = 7.5 Min = 11.5 00500 ) 2018\}5;?161;)
Max = 963.4 Max = 5934.8 Lo 39 (Coarse)

2.3. Studies for Comparison

The results obtained in this study have been compared to the results obtained from
laboratory experiments by [24], and to the field measurements reported for the flushing
operations of the Condit dam in USA [15], and the Gebidem dam in Switzerland [2]. Despite
the existing differences between these previous studies and the experiments conducted in
this study, mainly in terms of reservoir and outlet geometries and sediment characteristics,
all these studies report on the rapid release of a previously stored volume of water, which
provokes the erosion of the bed evacuating a volume of sediments. For comparison, the
values of the variables L, hy, hs, Vy,, Vs, and Sf were obtained for each of these previous

studies, to compute the parameters hew-L/hs? and Vi/hs3. The effects of Sy and D+ on the
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final bed slope (Sy) and on the efficacy of flushing (Vs/ V%) were not analyzed for these
studies, because the available data did not enable the individual effects of these variables
on the overall process to be decoupled.

The experiments by [24] were conducted in a 50 m long, 2.4 m wide, horizontal
and rectangular flume at the hydraulic laboratory of University of California at Berkeley
(USA). In that flume, a reservoir was modeled within the upstream 30 m of the flume.
The outlet consisted of a 0.15 m wide, 0.25 m high rectangular sluice gate, located at the
downstream end of the reservoir. For each experiment, a 0.10 m thick and unconsolidated
sediment layer was extended on an elevated bottom, approximately 9 m from the outlet.
The sediment material consisted of walnut shell grit (d59 = 1.25 mm and ps = 1.39 kg/m?).
The reservoir was filled with water until the desired water level was reached. Then, the
discharge was set to the desired value and the sluice gate was opened until the steady state
was reached, i.e., constant water level and the outlet discharge equal to the incoming one.
To start the experiments, the gate was opened at a constant rate of approximately 5 cm
per minute, until the opening reached 10 cm above the elevated bottom. Each experiment
lasted approximately 30 min, during which time the incoming discharge was kept constant,
and the outlet hydrograph and solidograph were measured. In those experiments, different
discharges ranging from 0.56 m3/s to 4.86 m3/s were tested. The initial water level (k)
varied from 0.02 m to 0.07 m, measured from the top of the sediment layer. The data for
those experiments were obtained directly from [27], with the exception of L and V. L was
estimated as V', /(B-hy) for each run, where B was the width of the laboratory flume, i.e.,
2.4 m, and V, was computed from the corresponding liquid hydrograph.

The case of the Condit dam consisted of the removal of a 38 m-high dam on the White
Salmon River (USA), which stored 1.8:10° m? of sediments. Prior to the demolition of
the dam, the reservoir was rapidly emptied by blasting a 5 m wide hole into the base
of the dam. This blast led to a rapid reservoir draw down and to an abrupt release
of water and sediments, which lasted approximately five hours [15]. During that time,
a channel was eroded approximately 1 km from the dam. Although the erosion and the
transport of sediment downstream of the dam continued for several weeks, it was provoked
by the natural discharge of the river, rather than by the water previously stored in the
reservoir. Hence, in this study, only the first five hours after breaching were considered
for comparison. Thus, L, hy, hs, and Sy were obtained directly from Figure 2 in [15]. hs was
estimated as the average difference between the pre-dam bathymetry and that performed
in 2006, considering the nearest 1 km to the dam. Sy was estimated from the 56 days post-
breach profile, by considering an average value for the nearest 1 km to the dam. Vs and
Vw were calculated for the first five hours after the dam breaching from the sediment
concentrations and discharge hydrograph, respectively (Figure 4 in [15]).

The third case considered for comparison in this study is that concerning the flushing
operation conducted in the Gebidem dam in Switzerland, in 1991 [2]. This flushing opera-
tion began with the water level of the reservoir at its minimum operational level, at which
the water surface extended some 450 m from the dam. Then, the low-level outlets were
opened for 96 h, while the discharge hydrograph and suspended sediment concentrations
were measured. The volume of water previously stored in the reservoir was released within
the first two hours of flushing. After that, the natural river discharge flowed through
the low-level outlets, carrying sediments downstream of the dam. In that study, only
the first two hours of flushing were considered for comparison. In this case, L, Iy, hs,
and Sy were estimated from Figure 21.8 in [2], by considering the nearest 450 m to the dam.
Vw and Vs were computed from the discharge hydrograph and the values of suspended
solid concentrations shown in Figure 21.6 in [2]. Table 2 contains the values of the variables
and parameters needed for comparison.
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Table 2. Values for the variables and parameters obtained from previous studies for comparison.

Dam/Experiment Data Source hw  hs Ve Vs Sy how L2 Vylhsd Vsl Vi

[m] [m] [m] [m3] [m3] [] [-] [-] [%]

Condit (USA) [15] 2000 25 8 16x10° 18x10° 14% 1192 3354 12%
Gebidem (CH) [2] 450 13 10 03 x10° 1.0x10° 4.1% 62 292 38%
Lai and Shen Run 1 33 007 01 5.53 0.21 - 230 5530 4%
Lai and Shen Run 2 22 007 01 3.69 0.22 - 154 3691 6%
Lai and Shen Run 3 42 0.03 0.1 3.31 0.26 - 138 3313 8%
Lai and Shen Run 4 [27] 24 007 01 413 0.31 - 172 4134 7%
Lai and Shen Run 6 35 007 01 5.75 0.20 - 239 5747 3%
Lai and Shen Run 7 30 007 0.1 498 0.27 - 208 4982 5%
Lai and Shen Run 8 36 002 01 1.93 0.20 - 80 1930 10%

Other field and laboratory studies in which water and sediments were suddenly
released by an abrupt dam removal were also analyzed for comparison, but they were
discarded for different reasons. These are the cases of the removal of the Marmot dam [16],
the failure of the Barlin dam [28], and the experiments by [14]. The case of the Marmot
dam was discarded because the water stored in the reservoir prior to the dam breaching
was mostly responsible for the erosion of the earth cofferdam, whereas the sediments
impounded in the reservoir were mostly eroded by the natural discharge of the river. [16].
The abrupt failing of the Barlin dam in Japan during the typhoon WeiPa in 2007 was
discarded for comparison, because no data of the volume of water previously stored in
the reservoir were found [28]. The experiments by [14] were discarded because the outlet
volumes of water and sediments were not reported for the experiments.

3. Results
3.1. Morphodynamics of the Experiments

Every experiment began with a sudden opening of the tilting gate, which provoked a
steep hydraulic gradient, flow acceleration, and rapid vertical erosion of the sediment front.
This erosion led to the formation of a knickpoint that migrated upstream as the sediment
front was eroded (Figures 3 and 4). In this study, and according to [29], a knickpoint is
that point at which the longitudinal slope of the bed changes abruptly (Figures 3 and 4).
The migration of the knickpoint was fast during the first instants of the experiments, and
it was associated with intense sediment transport. For the coarse and medium sands, the
sediment front pivoted around the edge of the elevated bottom at the downstream end,
and its gradient decreased as the knickpoint migrated upstream (Figure 3). Meanwhile, the
flow discharge gradually decreased until the initial volume of water (V) was completely
evacuated. At the instant at which the flow was not enough to entrain any more sediments,
the knickpoint ceased its migration and the sediment front reached the final slope (Sy)
(Figures 3E and 4F). In contrast, for the fine sand, the sediment front migrated upstream
by keeping a roughly constant gradient, while downstream of the front, all sediments
were transported by the flow (Figure 4D). This lasted until the transport capacity of the
flow diminished and sediments began to deposit downstream of the sediment front. The
deposited sediments and the sediment front merged gradually, creating a final bed surface
with a uniform slope (Sy), similar to those observed for the coarse and medium sands
(Figure 4E). Upstream of the knickpoint, no sediment transport was observed for any of the
experiments. The aforementioned features are illustrated in Figures 3 and 4, which depict
the evolution of the bed and water surfaces of two representative experiments at different
instants. These experiments were performed for /i, L/hs? = 26.65, Vy/hs = 54.73, Sy = 0.0%
and for medium and fine sands (Figures 3 and 4, respectively).



Water 2022, 14, 2607 80of16

(A) - T
Tilting gate
/ Water surface

Mobile bed surface

Knickpoint

e

\\ Sediment front

Elevated bottom

t=5s
o Water surface

Knickpoint A

< Mobile bed surface ns
~ Sediment front

B I e oo T o oo o ) S oo s T oo I o e Y e

Elevated bottom

Water surface

Knickpoint\ /

-+

\

~ Sediment front

Final slope S;

S

Elevated bottom

Figure 3. Lateral view of the experiment performed with medium sand, M- L/hs? = 26.65, Vip/hs® = 54.73,
and Sy = 0.0% at the instants: (A)t=0s,(B)t=1s,(C)t=5s,(D)t=15s,and (E) t =150s.
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Figure 4. Longitudinal profiles of the bed surface and water surface for the experiment performed
with fine sand, fip-L/hs? = 26.65, Vy/hs® = 54.73, and So = 0.0% at the instants: (A)t=0s,(B)t=1s,
(C)t=4s,(D)t=37s,(E)t=50s,and (F) t=135s.

3.2. S for Varying Values of hw-L/hs?, D+, and S

Figure 5a shows the evolution of S¢ for the experiments performed for So = 0.0%, and
for varying values of hew-L/hs?, and D+ In this experimental setup, the relative error ASf/ Sf
varies from 2% to 7%, with an average value of 4%, and A (I -L/hs?) / hy-L/hs? varies from
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5% to 14%, with an average value of 9%. For the sake of clarity, error bars are not shown in
the figure. Additionally, the values of S¢ and hy,-L/hy? obtained for the flushing operations
of the Gebidem and Condit dams are illustrated in Figure 5a. In this study, Sy was observed
to decrease as the ratios hy,/hs and L/hs increased individually (not shown). Hence, it is
assumed that the evolution of Sy for varying values of hw-L/hs? is also representative of the
individual effects of hy,/hs and L/hs on Sf. In these experiments, Sf decreased as the value of
hy-L/hs? increased. Namely, Sf ranged from 0.21 for - L/hs? =13 to 0.03 for hy-L/hs? = 963.
This trend was also observed when comparing the values obtained for the Gebidem and
Condit dams, although the values of S obtained in this study were higher than those
reported for the dams. In the present study, the values of Sy obtained for the coarse and
medium sands were very similar, but they differed from those values obtained for the fine
sand. Namely, for - L/hg? < 134 approximately, the values of S¢ obtained for the coarse and
medium sands were lower than those obtained for the fine sand, whereas for hy, L/hs? > 134
and for the coarse and medium sands, Sy was steeper than for the fine sand. In some
experiments, there were different values of Sy measured for the same value of he-L/hg?.
These were the cases in which, for a given value of &, different values of i, and L led to the
same value for the product h,-L. For instance, for /s = 0.05 m, those configurations in which
hew = 0.05 m—L = 12.043 m and h,, = 0.10 m—L = 5.997 m, both resulted in h,,-L/hs? = 240.
In those cases, Sf increased as the ratio hy /L decreased, where h,, /L denotes the initial
hydraulic gradient of the reservoir. Regarding Sy, the steeper it was, the steeper the S;
was. Nevertheless, it is important to note that, for given values of /1, and L, Vy, decreased
as Sp increased. Hence, when comparing values of Sy measured for different values of
Sp, one must take into account that the initial volume of water (V) was also different.
Therefore, the increase in Sf and the respective decrease in Vs must be attributed to the
decrease in Vy, rather than to the increase in Sy. Figure 5b shows the evolution of Sf for
the experiments performed with medium sand, and for varying values of /,-L/hs?, and
Sp. In terms of the volume of sediment evacuated (V;) and according to Equation (1), V;
increased as hy-L/hs? and S increased. Regarding D+, for hy-L/hs? < 134 the value of Vs was
larger for the coarse and medium sands than for the fine sand, whereas for hy-L/hs% > 134,
the values of Vs obtained for the fine sand were larger than those obtained for the coarse
and medium sands. Moreover, for a given value of /s and for a given value of h,-L, Vs was
larger in those configurations with relatively low hydraulic gradients (/,,/L).

1.00
A Fine
O Medium
© Coarse
A ......... Fine
= = = Medium
—_ CJ Coarse
— 0.10 F
o
Gebidem
X Condit
0.01 1 1 1 J
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Figure 5. (a) Evolution of S for So = 0.0% and for varying values of hw-L/hs? and D+ (b) Evolution of
Sf for medium sand and for varying values of hew-L/hs? and Sy.

3.3. Flushing Efficacy for Varying Values of V,/hs®, So and D+

The evolution of the flushing efficacy (V;/Vy) for varying values of Vw/hs3, Sg and D+
is illustrated in Figure 6, along with the values of Vw/hss and V;/Vy, corresponding to the
flushing operations of the Gebidem dam [2], the Condit dam [15], and those corresponding
to the experiments performed by [24]. The results of this study show that Vs/V;, decreased
as Vy,/hs3 increased, for the three values of Sp and for the three values of D+. Namely,
Vs/Vy varied from 0.63 for Vg, /hs® = 11 to 0.01 for Vi /hs® = 79. The values of Vs/ Vs
obtained for the Gebidem and Condit dams, and for the experiments by [24], also decreased
as Vi /hs3 increased. However, for a given value of Vw/hSS, the values of V,/V,, measured
in this study were lower than those obtained for the Gebidem and Condit dams and for
the experiments by [24] (Figure 6). In this study, for the fine sand, the values of V;/Vy,
measured for Vy,/hs® < 100 were lower than those measured for the coarse and medium
sands. For those experiments with the same value of V,/ hs3 but different values for hy, and
L, the flushing efficacy increased as the ratio /i, /L decreased (not shown). Regarding S,
the steeper it was, the higher the flushing efficacy (Vs/ V) was. This pattern is highlighted
in Figure 6 by means of three trend lines corresponding to each value of Sy. These lines
were obtained by means of Equation (13) (see below) for each value of Sy. Equation (13)
characterizes the influences of Vy,/hs3, Sg and D+ on Vs/Vy, as:

Vs

Vi

Vo —(0417+4.320-5)+0.005-D. )
w) 13)

= (0.745 + 88.250-Sg + 0.041-D,.)- < 3
S

where the coefficients were calculated by means of the least square method, in order to
obtain the best fitting curve for the whole dataset. Thus, Equation (13) provides the value of
Vs/Vy as a function of Vi, /hs3, Sy and D+; with an average relative error of £17% regarding
the values measured in the experiments. Figure 7 depicts the correlation between the values
of V,/Vy, obtained from the experiments and those obtained by means of Equation (13),
along with the error lines corresponding to £17%.
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Figure 6. Evolution of V/Vy, for varying values of Vw/hs3, Sp, and Ds.
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Figure 7. Correlation between the values of Vs/V;, obtained from the experiments and those computed
with Equation (13). Dotted lines correspond to a relative error of £17%.

4. Discussion

The experiments conducted in this study characterize the capacity of a stored volume
of water to erode a mobile bed by means of flushing. The efficacy of the flushing (Vs/ V%)
was evaluated for different initial conditions (hy, hs, Vi, Sg) and for different sediment
sizes (D+). During the experiments, the evolution of the bed morphology was characterized
by: (i) an initial rapid and short vertical incision in the mobile bed that led to the formation
of a knickpoint, (ii) a rapid upstream migration of it, accompanied by an intense sedi-
ment transport, retrogressive erosion, and bed degradation downstream of the knickpoint;
and (iii) a slowdown of the knickpoint migration and a decrease in the sediment transport
rate, downstream of the knickpoint. Finally, the bed profile was shaped by a roughly
uniform slope (Sy) downstream of the knickpoint, and by an unaltered horizontal surface
upstream of it (Figures 3E and 4F). Similar patterns for the bed morphology are commonly
observed in nature in those channels with a base-level lowering downstream, although
the time scale of the process may vary significantly, depending on the case [15,16,28-35].
In nature, a base-level lowering leading to a knickpoint migration may originate either
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from natural processes [32], or from human interventions such as reservoir flushing or dam
removals [2,15,16,35-37]. Typically, the upstream migration of the knickpoint is associated
firstly with a rapid incision of the bed, and secondly with a slower widening of the incised
channel. Initially, the incised channel may undergo narrowing, depending on the flow
discharge [14]. In these experiments, bed erosion was uniform across the channel width,
and hence, neither narrowing incision nor widening of it were observed. The absence
of narrowing incision during the initial stage of the experiments can be attributed to the
high flow discharge, resulting from both the sudden opening and the width of the outlet.
The absence of channel widening can be attributed, on the one hand, to the full-width
uniform erosion registered from the beginning of the experiments and, on the other hand,
to the rigid lateral banks that impeded lateral erosion. The stages observed during the
evolution of these experiments are analogous to those reported by [34], who characterized
the channel response to dam removal by a conceptual model, including six stages. In this
study, all the stages reported by [34] were registered, with the exception of stage D, which
corresponds to channel widening. Stage B, in which the bed remains unaltered while the
water level is lowering, was observed only upstream of the knickpoint, whereas down-
stream, stage C (degradation) followed stage A (pre-removal). Stage E, which characterizes
bed aggradation downstream, was observed only for the experiments performed with fine
sand (Figure 4E). Finally, the equilibrium of the bed (stage F) was reached when the flow
discharge diminished and no more sediments were transported. Similar bed evolution, al-
beit with lateral erosion, was reported for the laboratory experiments by [14,24], and for the
field observation during the removal of the Marmot and Condit dams in the USA [15,16],
and after the failure of the Barlin dam in Japan [28].

The final bed slope registered downstream of the knickpoint (Sf) was observed to
decrease as the value of h,,-L/hs2 increased (Figure 5). Thus, the larger the initial volume of
water per unit width (h,-L) was with respect to the thickness of sediments (k;), the lower
Sf was and, consequently, the larger the volume of sediment evacuated (V) was. This
pattern was also observed for the data reported for the flushing operations conducted at
the Gebidem and Condit dams ([2] and [14], respectively) (Figure 5). Moreover, the lower
values of S¢ observed for those two dams with respect to the values obtained in this study
are, presumably, owing to the lateral erosion. In these dams, the lateral erosion contributed
to flattening the bed slope by bringing sediments into the incised channel.

In these experiments, Sf and, consequently, Vs were influenced by the sediment size,
herein characterized by D-. The evolution of the experiments performed with fine sand
and the results obtained from them differ from those obtained for the coarse and medium
sands. These differences can be attributed to the existence of apparent cohesion in those
mobile beds prepared with fine sand. These beds were not fully saturated owing to the
unavoidable pores filled with air and confined within the soil matric. Apparent cohesion is
typically observed in unsaturated granular soils, as a result of negative pressures exerted
by capillary forces within the soil matric [38,39]. During the upstream migration of the
knickpoint, this cohesion led to steep and roughly constant slopes of the sediment front [30].
This contrasts with the gradually decreasing and comparatively mild slope observed for
the coarse and medium sands (Figures 3 and 4). In addition, for the fine sand, the effect of
the apparent cohesion was enhanced as /s increased and, consequently, h,-L/ hs? decreased.
This resulted in comparatively high values of S for hy,-L/ hs? < 134, with respect to the
values of S measured for the coarse and medium sands. On the contrary, for relatively low
values of hs (hp-L/hs? > 134), the cohesion was weak and the values of Sf measured for the
fine sand were lower than those measured for the coarse and medium sands.

In this study, and when comparing the data obtained for the Gebidem and Condit dams
and for the laboratory experiments by [24], the efficacy of flushing, i.e., V;/V, increases as
Vw/hs? decreases. This reveals that, although the volume of sediment evacuated from a
reservoir increases as the volume of water increases, large increments in the volume of water
only yield marginal increments in the volume of sediment evacuated. The higher values
of efficacy registered for the Gebidem and Condit dams, and for the experiments by [24]
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with respect to the results of this study, can be attributed to lateral erosion. This erosion,
not registered in this study, contributed by increasing in the total amount of sediments
evacuated for a given volume of water, which resulted in higher values of V;/V,. In these
experiments, the efficacy of flushing increases as the initial bed slope increases (Sg), because
steep bed slopes enhance the transport capacity of the flow. The effect of the sediment grain
size (D+) on the efficacy of flushing was limited to that related to the apparent cohesion for
the fine sand. Thus, in those experiments with high values of hs (low values of V,/ hs3), the
efficacy of flushing measured for fine sand was lower than that measured for the coarse
and the medium sands (Figure 6).

5. Conclusions

This study presents a comprehensive and systematic analysis of the effects of the
initial volume of water, the initial water head, the bed slope, and the sediment grain size
on the efficacy of flushing, when only the water previously stored in the reservoir is used.
In addition, a group of dimensionless parameters have been derived to characterize this
type of flushing. Nevertheless, the representativeness of the results obtained in this study
is limited to those cases whose geometry, sediment characteristics, and initial conditions
are within the range of values of the parameters tested in this study.

The results show that the volume of sediments evacuated from the reservoir increases
as the initial volume of water and the bed slope increase. However, for relatively high
initial volumes of water, only marginal increments in the volume of sediments evacuated
were obtained. Thus, the efficacy of flushing, i.e., the ratio of the volume of sediments
to the volume of water released, increases with the bed slope and decreases as the initial
volume of water increases. These trends are corroborated by previous studies based on field
observations and laboratory experiments. Nevertheless, owing to the absence of lateral
erosion in these experiments, the values obtained in this study for the volume of sediments
evacuated and for the efficacy of flushing are lower than those reported in previous studies,
in which lateral erosion exists.

Regarding the sediment size, the results obtained for the fine sand differed from those
obtained for the medium and coarse sands, owing to the existence of apparent cohesion
in the sediment beds prepared with fine sand. The effect of this cohesion was significant
in the experiment performed with relatively thick layers of fine sand, i.e., high values of
hs; whereas for the experiments performed with relatively thin layers of fine sand, the
effect of the apparent cohesion was negligible. Specifically, for a given volume of water,
the apparent cohesion reduced the volume of sediment evacuated and hence, the efficacy
of flushing, in comparison to those experiments performed with the medium and coarse
sands. On the contrary, for those experiments performed with thin layers of fine sand,
both the volume of sediment evacuated and the flushing efficacy were higher than those
measured for the medium and coarse sands.
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