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Abstract: Open channel levees are used extensively in hydraulic and environmental engineering
applications to protect the surrounding area from inundation. However, levees may fail to produce
an unsteady flow that is inherently three dimensional. Such a failure may lead to a destructive change
in morphology of the river channel and valley. To avoid such a situation arising, hydraulic laboratory
modeling was performed on an open channel levee breach model capturing velocity, in x, y and z
plans, at selected locations in the breach. Sandbags of various shapes and sizes are tested for incipient
motion by the breach flow. We found that a prism sandbag has a better hydrodynamic characteristic
and more stability than spherical bags with the same weight. Experimental results are then used to
evaluate existing empirical equations and to develop more accurate equations for predicting critical
flow velocity at the initial stage of sandbag motion. Results showed the superior predictions a few of
the equations could be considered with an uncertainty range of ±10%. These equations explained the
initial failed attempts of the United States Army Corps of Engineers (USACE) for breach closure of the
case study, and confirmed the experimental results are simulating the case study of breach closure.

Keywords: breach closure; levee breach; channel side flow; sandbags; open channel flow; critical
velocity; incipient motion

1. Introduction

Over seven million people have lost their lives in floods between 1990 and 2017 in Asia alone [1,2].
Predicting flood water levels, the design of stable alluvial channels, and protecting lives and properties
during major flood events is one of the greatest challenges of the 21st century [3,4]. Open channel levees
are used extensively in hydraulic and environmental engineering applications. They are constructed
for the purpose of water constriction within the channel and act as an efficient structural method of
floodwater control. However, breaches are very likely to occur in levees during high flood events
and in locations where levees are not constructed properly. These breaches release flood waves that
inundate the surrounding area, causing property damage, social interruptions and can threaten human
lives. A severe example is the 2005 levee breach in New Orleans, LA [5]. In an open-channel levee
breach, flow is diverted laterally in a hydraulic manner similar to side weir flow and dividing flow [6,7].
The flow in the main channel approaching the breach starts to divide as the flow enters the breach.
A separation zone develops in the main channel after the breach, and a stagnation zone is formed near
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the downstream corner of the breach. At the breach outflow, a contracting flow region is observed
with free over-fall conditions, similar to dam-break flow.

For side weir flow, most of the earlier studies were devoted to the evaluation of the discharge
coefficient for various weir geometries, with few studies discussing hydraulic behaviors of flow at
the weir exit [8–17]. However, for dividing flows in the open channel, more attention was given by
earlier studies to the hydraulic characteristics of dividing flow (e.g., [18–25]). Research in levee breach
hydraulics has fallen into two categories: (1) Studying the impact of breach flow on the hydraulics
of the main upstream channel, and (2) studying the impact of breach flood waves propagation on
downstream urban areas.

Within the first category, Yen [26] studied the impact of levee breach on water levels in the main
channel upstream of the breach, and discussed various methods for estimating the channel capacity.
Jaffe and Sanders [27] studied engineered levee breaches using a shallow water model for an optimal
design to reduce flood stages. Apel et al. [28] investigated the effect of levee breaches on the flood
frequency distribution in the main channel. In the second category, Sattar [29] used a 1:50 scale
model to investigate flood waves generated by the 17th Street Canal breach in New Orleans following
Hurricane Katrina. Using the same scale model, Sylvie et al. [30] compared measurements of urban
flooding in the breach neighborhood with the 2D numerical model. LaRocque et al. [31] studied the
flow pattern of the New Orleans flooded the neighborhood. The flow characteristics of a side channel
breach were studied by Sattar [32]. Others have investigated the interaction of general flood waves
with city-like blocks, either experimentally [33,34] or numerically [35–39].

Mitigating the adverse effects of breach floods on urban areas can be achieved using inundation
plans, based on which evacuation plans will be devised, or by breach closure and stopping flood wave
releases as early as possible. The most efficient way for closure of levee breaches is the utilization
of large sand bags. These bags are dropped in flowing water to decrease flooding and eventually
close the breach. Following the extreme events of Hurricane Katrina, levees protecting the city of
New Orleans breached at several locations, with the 17th Street Canal levee breach being the biggest,
threatening the whole Metropolitan Orleans East Bank. The United States Army Corps of Engineers [5]
tried to drop large sandbags to close the breach and stop flood waves from inundating the east bank,
but the sandbags were washed away with the breach strong flow. This failure to close the breach with
sandbags led to the inundation of the entire Orleans east basin.

It is very important to know the hydrodynamic characteristics of the sand bags, especially critical
velocity at incipient motion. Although many researchers have studied the subject of particle incipient
motion for more than two centuries after Brahms in 1753, the effect of particle shape has not been
examined, except in very few studies. The effect of particle shape on the threshold of motion has been
investigated using particles with different shapes and sizes and constant density under subcritical,
uniform flow conditions in a titling flume [40,41]. The effect of particle shape on the threshold of
motion using constant specific weight for all shapes was studied by Gogus and Defne [41].

Gulcu [42] studied the effect of shape and size of individual particles on the initiation of motion
over a smooth sloping channel bed when the particles are resting behind an obstruction of known
height. In spite of such importance of sandbags for breach closures, relevant studies are still lacking, and
hydrodynamic characteristics of sandbags in open channel flow are not reported in the literature [43].
An equation was proposed by Izbash [44] for incipient motion of rocks deposited in running water for
the purpose of cofferdam construction. The stability of sandbags placed on non-uniform slopes has
been studied by Kobayashi and Jacobs [45]. Additionally, Zhu et al. [43] investigated the hydrodynamic
characteristics of sand-filled geosynthetic bags used for the construction of submerged dikes in rivers.

Neill et al. [46] conducted experiments using sandbags to protect the bank from erosion, using
a previously developed formulation [5]. In Korkut et al. [47] study, Geobag were used to check
the stability of the sandbags. To study the protection of the bridge abutment using sandbags, lab
experiments were conducted [47], and the size of the bags and ripraps were determined based on
methods in Pilarczyk [48] and Richardson and Davis [49]. El-Kholy and Chaudhry [50] studied the
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path of sandbags as they are washed away by flood waves and incipient motion for spherical bags.
Juez et al. [51] carried out an extensive study on numerical, hydrodynamic, and morphological models
of dam break flow over mobile beds. Their study showed that the interactions between dam break
flow and mobile bed have a great impact on obtained results.

The experimental hydraulic laboratory study in this paper is intended to provide more
understanding for the hydraulics of breach flows and incipient motion of sandbags used for closure.
This study has four main objectives: (1) To provide 3D velocity measurements at selected locations
in an open channel levee breach, (2) to investigate the effect of shape and size of sandbags on the
threshold of motion, (3) to calibrate existing formulae and develop new ones for incipient motion of
sandbags used for breach closure, and finally, (4) to apply developed equations to the case of the 17th
Street Canal levee breach closure.

The aim of the study is to perform laboratory modelling for evaluation of the empirical equations
for the critical velocity of incipient motion of sandbags for a levee breach closure. It is especially
crucial in urbanized areas: In such places, unexpected fluvial processes, against which we use river
engineering methods, destroy urban systems that are difficult to re-establish.

The results of this research may be used for further investigations to develop universal optimum
open channel breach closure procedures for breaches in other locations and with both erodible and
intact levees. In this paper, first a description of the experimental setup used to simulate an open
channel levee breach is presented. Sandbags with various shapes and sizes are prepared and tested to
measure their velocity for incipient motion under the impact of levee breach waves. The hydrodynamic
characteristics of sandbags are discussed with relation to flow hydraulics. Based on experimental
hydraulics measurements, two equations for sandbag incipient motions are calibrated, and new
equations are developed. Statistical analysis is performed on the developed equations for error and
uncertainty bands. Finally, the developed equations are applied to the 17th Street Canal levee breach.

2. Equations for Sandbag Incipient Motion

The size of the sandbags can be determined by relating the critical flow conditions at the onset
of bag instability to the bag size that is not washed away. The sandbags could then be sized so that
they settle at the channel bed to close the breach. Stability conditions can be evaluated using either the
critical bed shear stress or the critical velocity at the initiation of sandbag motion. The latter approach is
followed herein. The earliest research was conducted by Brahms in 1753, and resulted in the following
equation for spherical particles:

Vcr = C1W1/6 (1)

where Vcr = depth averaged velocity at the location of the particle at which the particle starts moving,
W = weight of the particle, and C1 = an empirical constant.

Using the particle diameter instead of the weight, Yu et al. [37] suggested the following
power function:

Vcr = 2.5D0.44 (2)

The following expression for spherical rocks used in toe dumping in flowing water [42]:

Vcr = C2

√
2gD

(
ρs − ρw

ρw

)
(3)

where D = diameter of the spherical particle, g = gravitational constant, ρs = particle density, ρw = water
density, and C2 = an empirical constant. Novak and Nalluri [52] proposed an equation for the critical
motion of single particles on smooth and rough beds in the form

Vcr = C3

√
gD
(

ρs − ρw

ρw

) (
D
R

)C4

(4)
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where R is the channel hydraulic radius and was included in the empirical equation to generalize their
approach, which has been done using circular shape channels; and C3 and C4 are empirical constants.
This relation is stated to be valid for D/R < 0.3. On the other hand, for prism sandbags, Gulcu [42] used
force balance on single solid particles and the proposed relation between critical velocity and particle
dimensions as follow:

Vcr√
gb
(

ρs−ρw
ρw

) =

√
∓C5

(
b
c

)2
+ C6

b
c
+ C7 (5)

where b is sandbag height, c is sandbag length parallel to the flow direction, and C represents empirical
constants. Zhu et al. [43] worked on sandbags and assumed that the sandbag would start to slide at
the incipient condition and to apply a simple force balance equation to maintain static equilibrium,
they proposed the following equation for prism sandbags:

Vcr = C8

(
H
b

)1/6√ c
b

√
gb
(

ρs − ρw

ρw

)
(6)

where H is water depth above the sandbag, and C8 is a constant to be calibrated from experimental data.

3. Experimental Setup

To model a general case of levee breach failure, experiments were performed in a straight flume,
which is constructed in 11.6 × 6.7 m basin (Figure 1) at the Department of Irrigation & Hydraulics,
Cairo University, Egypt. The experiments were designed to simulate breach flow after full formation
of the breach and did not account for breach formation. The flume was 6.4 m long, 0.6 m deep and
0.4 m wide. The channel bed and sides were covered with rough concrete with an average Manning
roughness coefficient of 0.01. All experiments were performed on fixed beds, in the channel, and in
breach. The discharge was measured by the electromagnetic flow meter installed on the discharge pipe.

The current study was on a single lateral breach located 3 m from the channel entrance to have
developed flow in the channel upstream from the breach. The floor of the flume was horizontal, and
the breach discharged on a horizontal platform constructed at the same level as the channel. Breach
flow was allowed to flow freely without any impact of this boundary on breach flow. The downstream
end of the flume was left open with an adjustable tailgate for controlling the water level and discharge
in the downstream channel. Two 0.16 m3/s (2500 gallons per minutes) axial pumps were used for flow
supply from an underground sump to an overhead tank that supplies the flume through a 0.305 m
supply pipe. To ensure uniformly distributed flow at the breach location, perforated screens and a
60 mm long honeycomb were placed at the flume inlet.

A point gauge was used to measure water surface in the channel with an accuracy of 0.1 mm
on the Vernier scale. A 10 MHz 3D Sontek Acoustic Doppler Velocimeter (ADV) (SonTek, San Diego,
CA, USA) was used to measure 3D velocity and turbulent components. To verify the repeatability
of experiments, the tests were conducted several times, and the velocity components at a selected
location were recorded. It was found that experiments are repeatable and the difference in velocity
was less than 1%.

A coordinate system was chosen such that the positive x-axis was in the flow direction of the
main channel. The positive y-axis was pointing toward the channel side, while the breach and the
positive z-axis was upward in the vertical direction, as shown in Figure 1a. The origin of this coordinate
system was at the bed of the flume at the upstream end of the breach opening. The experiments were
performed with the flow rate and the depth downstream of the flume held constant. Measurements
were taken after conditions became steady in the channel and flow was fully turbulent for all tests.
This experimental setup has been used previously to perform hydraulic analyses for channel levee
breach flow [29]. The authors of that study used the grid shown in Figure 1b to measure flow velocity
at various locations in the channel and through the breach.
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Figure 1. Schematic description of the experimental setup. (a) The experimental levee breach model,
(b) the grid used for velocity measurements.

Sandbags of different shapes and sizes were made of sewed cloth bags filled with sand. Densities
of material were determined by weighing the bags on a digital balance of 0.01 g accuracy and by
measuring their dimensions to calculate the volume. The dimensions of each sandbag were measured
using a compass with an accuracy of 0.1 cm. The sandbags had an average density of 1.85 g/cm3.
Rectangular prisms were divided into two groups according to their orientation to the flow direction.
Geometrical properties and dimensional details of the sandbags used in this investigation are shown in
Table 1. It should be noted that a, b, and c are the width, height and length of an imaginary rectangular
prism enfolding sandbag, and ∀ and S are the volume and surface area, respectively. All sandbags
were placed such that the shortest dimension was always the height of the sandbag.
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Table 1. Geometric and dimensional characteristics of sandbags used in this study.

Sandbag Shape Statistical Parameter a
(cm)

b
(cm)

c
(cm)

∀
(cm3)

S
(cm2)

Prism
(29 cases)

Minimum 3 2.5 4 40 72
Maximum 18 7 18 378 384
Average. 6.9 3.82 9.1 214 236

Standard deviation 4.2 1.15 4.3 103 93

Sphere
(13 cases)

Minimum 5 58 72
Maximum 22 5575 1521
Average. 13 1739 618

Standard deviation 6 1788 475

4. Experimental Procedure

Two breach widths Lb were considered (0.25 m and 0.40 m), and for each the downstream channel
gate was altered to change flow through the breach and thus the breach flow ratio, Qr = Qb/Qu,
was changed from 1 to 0.80, where Qb is the breach discharge and Qu is the main channel discharge
upstream of the breach. Fru is the main channel Froude number upstream of the breach, and Frd is the
main channel Froude number downstream of the breach. Table 2 presents the hydraulic parameters
which were recorded in the experimental study.

Table 2. Breach hydraulic parameters.

Breach Width Qu (m3/s) Qb (m3/s) Qr Fru Frd

0.25 m
0.16 0.16 1 0.62 -
0.16 0.128 0.8 0.62 0.11

0.4 m
0.16 0.16 1 0.62 -
0.16 0.128 0.8 0.62 0.11

In each experiment, discharge was kept constant until steady flow conditions had developed in
the channel upstream of the breach section. A sandbag with a selected dimension was then placed at
the bottom of the flume at the mid-breach section. Sattar [32] extensively studied various procedures
for closure of levee breaches and found that staring by dumping sandbags in mid-breach sections is
the most effective way for closure. The flow was increased in small increments, and this procedure was
repeated until the motion of sandbag was observed. Then the flow was decreased in three steps, and
the test was repeated to make sure that it reflected real critical conditions for the incipient motion of
the sandbag. This procedure for determining the critical conditions at the incipient motion is defined
in detail by Gogus and Defne [41] and Gulcu [42].

Once the criterion for sandbag motion was satisfied, the depth of water above the sandbag
was measured; the vertical velocity profile over the flow depth was recorded with ADV. Due to
the non-uniform distribution of vertical velocity along the breach section (velocity increases along
the breach to reach its maximum at the end of the contraction zone), and the presence of velocity
components in both x- and y-directions, the critical velocity for incipient motion was taken as the
velocity magnitude averaged over the height of the sandbag at the test location.

5. Results and Discussions

This section first presents some aspects of breach hydraulics, including water surface profiles and
flow velocity in the x-, y- and z-directions around the breach section. This is followed by presenting
measurements of critical velocity for various shapes and sizes of sandbag. These measurements are
then used to calibrate exiting equations and develop new equations that are tested statistically and
then applied to the 17th Street Canal levee breach in New Orleans.



Water 2019, 11, 279 7 of 21

5.1. Water Surface Mapping

The flow in the main channel approaching the breach started to divide as the flow enters the
breach. A separation zone developed in the main channel after the breach, and a stagnation zone
formed near the downstream corner of the breach. At the breach outflow, a contracting flow region is
observed with free overfall conditions similar to dam-break flow. For Lb = 40 cm, and Qr = 1, water
depth in the main channel upstream of the breach was 38 cm, which increased longitudinally across the
main channel to 42 cm downstream of the breach, and decreased rapidly in the transverse direction at
the breach location to 29 cm at the breach. Figure 2 shows the mapping of water depth for Lb = 40 cm.
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Figure 2. Water depth along the channel for Lb = 40 cm, and Qr = 1 m3/s.

At the breach section, the variations in water depth were more pronounced than in the case of
open channel dividing flow. There was a rapid drop in the water surface from the outer channel bank
to the breach location and a corresponding rapid increase in the flow velocity, which was highest at
the breach location. Flow depth in the stagnation zone was the highest along the breach section. Due
to flow circulation and a significant decrease in the flow velocity in the separation zone, the water
depth in this zone was higher than the main channel and was equal to that of the stagnation zone,
downstream of the breach.

The highest water depth opposite to the breach line occurred in the separation zone. At Qr = 1 m3/s,
the recirculation effects and the separation zone were highest when compared to those in the other case of
Qr < 1. Unlike for open channel dividing flow, the breach flow separation occurred at the near side of the
breach in the main channel, causing a flow contraction. This is obvious from the velocity vectors across
the breach. However, for the same Qr, the larger the breach opening, the larger the angle of entry of flow,
and the extent of flow separation in the main channel just before the flow exits from the breach. Also,
the larger the breach opening, the smaller the contraction zone. Michelazzo et al. [7,53] discussed more
details on the influence of breach width on channel flow. These characteristics are similar to those of the
dividing open channel flows [20]. Figure 3 shows the hydraulics of an open channel levee breach for the
two considered cases, showing clearly the separation and stagnation zones.

5.2. Velocity Fields

The following section presents the findings related to velocity measurements in the open channel
and side breach. Michelazzo et al. [7,53] have presented 3D velocity measurements for open channel
side flow similar to those discussed herein. Figure 4 shows the flow velocity in the x- and y-direction
at the breach section in the main channel at z = 0.04 m and z = 0.11 m for Qr = 1 m3/s. The x-velocity
decreases at the mid–section of the breach and reaches zero by the end of the breach due to the complete
curvature of the vectors exiting the breach. Experimental results showed that the vectors at the tip of
the stagnation zone at the breach end took a steep curvilinear path to exit the breach and were forced
by the flume side to exit in the negative x-direction.
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Figure 4. x- and y-velocity field at the breach section in the main flume. Qu = 0.16 m3/s, Qr = 1 m3/s,
z = 0.15 m, for Lb = 0.40 m.

The increase in x-velocity can be clearly observed with the increase in distance from the flume
bottom. It can also be observed that the distribution of x-velocity in the main channel around the
breach is almost the same at different distances from the bottom, where the changes is only in the
values. At the far end of the breach in the main channel x-velocity decreased significantly, and the
direction changed at some locations at z = 0.04 m.

The velocity in the y-direction clearly showed that the exit flow velocities were perpendicular
to the breach section for Qr = 1 (m3/s). These velocities gave a better view of the separation and
contraction zones. In the separation zone that started to form in the main channel before the breach
flow exit, the exit velocities in the y-direction were the lowest along the breach section.

The highest values of velocity in the y-direction indicated the zone where flow contraction
occurred in the far section of the breach after the separation zone. In general, the distribution of both
velocity components along the breach section is almost the opposite, that is, the maximum values of
one velocity component correspond to the minimum values of the other component. This is caused
by the curvature in the vectors to exit the breach section. Flow tends to exit at the far point of the
breach section with a very high velocity in the opposite x-direction for flow entering the breach. This
is adjacent to the stagnation point.

The y-velocity decreased with an increase in distance from the flume bottom. Similar distributions
were observed at z = 0.04 m, 0.11 m, and 0.20 m. At the far end of the breach in the main channel,
y-velocity decreased significantly, similar to x-velocity. Thus, the vectors curved at the exit of the
breach section, starting a small distance upstream of the breach end. This caused a change in the
distribution of velocities along the channel width.
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Both of the velocity components decreased away from the breach and increased near its location.
The vector curvature and its impact on the velocity distribution occurred at all levels above the flume
bottom. However, results showed that the y-velocities at the breach exit are higher at z = 0.04 m than
those at z = 0.11 m. Thus, the curvature of vectors at the breach section was observed to be greater at
lower depths of water at the breach section.

For Qr = 1 m3/s and Lb = 0.25 m, Figure 5 shows the velocity field for y- and z-velocity components
at two locations: x = 0.10 m and x = 0.20 m. Both sections were after the region of the flow separation at
the breach, and they showed clearly the impact of the third vertical component of velocity (z-velocity)
in the flow pattern near the breach section. This secondary downward current is very strong and
obvious at section x = 0.20 m; however, near the end of the breach, its intensity at the other sections
in the contraction zone is low. This secondary current caused the vector to drop rapidly, leading to
a rapid decrease in the water level in the vicinity of the breach, until the mid-width of the channel,
where it started to diminish along the channel width. The z-velocity component decreased with a
decrease in z distance at the contraction zone, at x = 0.10 m and 0.20 m.
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5.3. Critical Velocity for Sandbags Incipient Motion

Table 3 shows the sandbag dimensions used in the experimental study versus the critical depth
averaged velocity required for the onset of sandbag instability. Where non-dimensional critical

velocity is defined as Vcr/
√

(ρs−ρw)
ρw

gb, and Vcr is the depth averaged velocity (at mid-section of breach)
averaged over the whole flow depth. For spherical sandbags, a = b = c = D.

Figure 6 shows the relationship between critical velocity for incipient motion versus the ratio of
D/R for the Shields equation, Novak and Nalluri [52] experiments (diameters were from 0.6 mm to
50 mm), and results measured in the present study for spherical sandbags with diameters from 48 to
200 mm. The Shields equation has been plotted using Stricklers’ equation for Manning roughness. It
can be observed that the critical velocity required for initiation of motion for a single particle is lower
than that given by Shields for a given D/R value.
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Table 3. Sandbag geometric and dimensional properties versus the critical velocity Vcr/
√

(ρs−ρw)
ρw

gb.

Experiment b/c
Vcr√

(ρs−ρw )
ρw

gb Exp. b/c
Vcr√

(ρs−ρw )
ρw

gb

1 0.63 0.76 27 1 0.49
2 0.60 0.69 28 1 0.51
3 0.50 0.69 29 1 0.52
4 0.58 0.79 30 1 0.61
5 0.50 0.79 31 1 0.52
6 0.42 0.93 32 1 0.61
7 0.35 0.81 33 1 0.57
8 0.44 0.81 34 1 0.53
9 0.44 0.81 35 1 0.50
10 0.56 0.68 36 1 0.55
11 0.50 0.68 37 1 0.53
12 0.45 0.72 38 1 0.58
13 0.32 1.15 39 1 0.56
14 0.30 1.25 40 1 0.55
15 0.23 1.25 41 1 0.52
16 0.19 1.35 42 1 0.53
17 0.18 1.41
18 0.21 1.35
19 0.22 1.35
20 0.18 1.46
21 0.70 0.65
22 0.64 0.70
23 0.50 0.70
24 0.58 0.67
25 0.44 0.67
26 1.00 0.49Water 2019, 11, 279 11 of 22 
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Experiments in the current study covered a higher range of D/R (0.5 < D/R < 2) and followed a
similar decreasing trend as the Shields equation and experiments of Novak and Nalluri [52]. However,
the rate of change of critical velocity with respect to increasing in D/R is more pronounced in the
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Novak and Nalluri [52] experiments for a D/R lower than 0.3. Using both datasets for critical velocity
on spherical particles on smooth and rough beds, and for spherical sandbags, the following relation
has been obtained with a coefficient of determination, R2 of 0.90:

Vcr√
(ρs−ρw)

ρw
gD

= 0.569
(

D
R

)−0.34
(7)

Introducing the channel hydraulic radius is not common for critical velocity equations describing
particle incipient motion, although it has been used by Novak and Nalluri [52] to decrease the effects
of flume shape, having used triangular and circular flumes in their experiments. Usually, the main
influencing parameters on the critical velocity of a spherical particle are the particle weight and
the diameter. The critical velocity measurements for sandbags followed the 1/6th power equation
suggested by Stelczer [54], with R2 of 0.95 as shown in Figure 7, where Vcr = 0.381W1/6 using metric
units, and W is the sandbag weight in Newton.
Water 2019, 11, 279 12 of 22 

 
Figure 7. Variation of 𝑉   with spherical sandbag weight. 

Using the sandbag diameter as a main influencing parameter on its incipient motion has been 
suggested by numerous studies. Figure 8 shows the results of some of the relevant studies in addition 
to the experimental findings of the present study on sandbags. It should be noted that the maximum 
grain diameter used in these studies is 10 mm for the Gulcu [40] and 100 mm for Defne [41]. The 
critical motion for sandbags followed a very similar trend to those of solitary grains in previous 
studies, with differences attributed to the conditions and assumptions used in every study (e.g., 
mixed size grains with equivalent diameter, very small size grains, using big rocks, and rough and 
smooth beds). Data in Figure 8 suggest that expressions in the form of power function can be used to 
define the relationship (using metric units) between the sandbag critical velocity and the bag 
diameter as follows: 𝑉 = 1.633𝐷 .  (8) 

 
Figure 8. Variation of 𝑉   with spherical grain diameter. 

Figure 7. Variation of Vcr with spherical sandbag weight.

Using the sandbag diameter as a main influencing parameter on its incipient motion has been
suggested by numerous studies. Figure 8 shows the results of some of the relevant studies in addition
to the experimental findings of the present study on sandbags. It should be noted that the maximum
grain diameter used in these studies is 10 mm for the Gulcu [40] and 100 mm for Defne [41]. The critical
motion for sandbags followed a very similar trend to those of solitary grains in previous studies, with
differences attributed to the conditions and assumptions used in every study (e.g., mixed size grains
with equivalent diameter, very small size grains, using big rocks, and rough and smooth beds). Data in
Figure 8 suggest that expressions in the form of power function can be used to define the relationship
(using metric units) between the sandbag critical velocity and the bag diameter as follows:

Vcr = 1.633D0.47 (8)
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Figure 9 shows the relationship between the critical velocity for prism sandbags and the height to
length ratio b/c, using data from previous studies and this study [41,43].
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The critical velocity required for initiation of particle motion decreases rapidly with the increase
of b/c for b/c ≤ 0.7. For b/c > 0.7, the critical velocity remained almost constant until b/c = 1 for a cube
sandbag. Cube sandbags had the lowest critical velocity and thus were more easily washed away by
flowing water than prism sandbags. Gogus and Defne [41] found that the critical velocity required
for moving a cube particle is three times lower than for a prism particle, while results of this study
found it to be around two times lower. Zhu et al. [43] did not use cube sandbags, and thus no results
are reported for b/c = 1.
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Using the experimental results of Zhu et al. [43] and those measured in the current study, a power
function can be used to develop a relationship between critical velocity for sandbag threshold motion
and the sandbag height to length ratio with R2 of 0.83 as follows:

Vcr√
(ρs−ρw)

ρw
gb

= 0.522
(

b
c

)−0.67
(9)

The database of incipient motion of solitary particles measured in this study and measured
previously [43] were used to calibrate some traditional equations and fine tune numerical constants
in them by using multiple regression analysis. Table 4 shows these equations with original numeric
constants and the same equations after being calibrated with the database.

Table 4. Original and calibrated traditional critical velocity equations.

Study Model Equation

Novak and Nalluri [52]

Original Vcr = C3

(
D
R

)C4
√

(ρs−ρw)
ρw

gD

Calibrated Vcr = 0.569
(

D
R

)−0.34√ (ρs−ρw)
ρw

gD

Brahms
Original Vcr = C1W1/6

Calibrated Vcr = 0.381W1/6

Izbash [44]

Original Vcr = 3.76
√

D
(

ρs−ρw
ρw

)
Calibrated Vcr = 1.77

√
D
(

ρs−ρw
ρw

)

Uncertainty Analysis

In the levee breach closure risk assessment study, the uncertainties of many influencing parameters
have to be included. Various choices of sandbag dimensions can influence the outcome in a drastic
way, which could lead to the sandbag being swept away by flowing water. Using the calibrated and
developed equations for sandbag incipient motion together with the experimental measurements,
a quantitative assessment for the uncertainty in the prediction of critical velocity can be presented.
The uncertainty analysis defines the prediction error in log cycles as [55–65]

ei = log10(Pi)− log10(Ti) (10)

where ei is the prediction error, Pi is the predicted value of parameter, and Ti is the measured value
of the parameter. Data were then used to calculate main indicators defined as mean prediction error
e = ∑n

i = 1 ei, the width of uncertainty band, Bub = ± 1.96Se and the confidence band around the
predicted value: {

Pi × 10e+2Se , Pi × 10e−2Se
}

(11)

where Se is the standard deviation of prediction errors and Pi is the predicted value and is taken as
unity. Table 5 summarizes the results of the uncertainty analysis performed on both calibrated and
developed models for prediction of critical velocity for sandbag motion in flowing water. All models
were tested on experimental data in this study and Zhu et al. [43] data.
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Table 5. Results of prediction uncertainty analysis for sandbag incipient motion models.

Sandbags Shape Study Model The Width of Uncertainty Band Prediction Interval Around
Hypothetical Predicted V∗cr of Unity

Sphere

Novak and Nalluri [52] (Calibrated)

Vcr√
(ρs − ρw)

ρw
gD

= 0.569
(

D
R

)−0.34

±0.14 (0.78–1.51)

Brahms (Calibrated) Vcr = 0.381W1/6 ±0.05 (0.91–1.14)
Present study—Sphere Vcr = 1.633D0.47 ±0.04 (0.89–1.13)

Samov (Original) Vcr = 2.5D0.44 ±0.05 (1.45–1.85)

Izbash [44] (Original) Vcr = 3.76

√
D
(

ρs − ρw

ρw

)
±0.05 (1.87–2.39)

Izbash [44] (Calibrated) Vcr = 1.77

√
D
(

ρs − ρw

ρw

)
±0.05 (0.88–1.12)

Prism

Present study—Prism1

Vcr√
(ρs − ρw)

ρw
gb

= 0.295
(

b
c

)−1

±0.19 (0.52–1.25)

Present study—Prism2

Vcr√
(ρs − ρw)

ρw
gb

= 0.522
(

b
c

)−0.67

±0.08 (0.91–1.33)

Zhu et al. [43] (Original)
Vcr√

(ρs − ρw)

ρw
gb

= 0.44
(

H
b

)1/6( b
c

)−0.5

±0.08 (0.90–1.30)
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The lower the uncertainty in the prediction of a model and the narrower the prediction interval,
the more reliable the model is. It is obvious that the widest uncertainty bands for predictions were
due to the calibrated [38] proposed equation, with a value of ±0.14 versus ±0.05 for other proposed
models for spherical sandbags. The Izbash [44] model, based on spherical grains and rock material,
seems to significantly overestimate critical velocity. Other models for spherical sandbags had narrower
prediction intervals, with an average of −10% to +12% of predicted critical velocity. On the other hand,
for prism sandbags, equations seemed to behave in a similar way, with a narrow lower prediction
uncertainty of −10% and slightly wider high prediction uncertainty of +30%. In the following section,
it will be shown how the width of prediction intervals can affect the correct choice of the sandbag size.

5.4. 17th Street Canal Levee Breach Closure

Hurricane Katrina resulted in a breach of the levees and floodwalls in approximately 20 places.
One of the major breaches was on the 17th Street Canal, approximately 305 m from the Old Hammond
Highway Bridge, with a breach width of 137 m [5]. The flood protection system in the 17th Street
Canal was a concrete floodwall with an I-section over a levee embankment of fill material over a marsh
layer [5].

The storm surge moved the levee and floodwall horizontally for about 13.7 m, and this breach—as
well as others—accounted for the flooding of the city, the destruction of infrastructure (sewers, water,
phone and electricity lines), and the tripping of pumping stations due to water rise. The Army Corps
dropped 10 large sandbags to close the breach [29]. They started with 1359 kg (3000 lb) and increased
to 2718 kg (6000 lb) using the National Guard Helicopter (see Figure 10). However, the bags were
completely washed away, and the initial attempt failed.
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Figure 10. Black hawk dumping sandbags to close the 17th Street Canal levee breach [29].

Work in this section is intended to simulate the initial failed attempts of the United States Army
Corps of Engineers (USACE) to close the breach using 2718 kg (6000 lb) sandbags on 31 August 2007.
While there are several unknowns on the actual failure of the 17th Street Canal floodwalls and levees,
Sattar et al. [29] considered a “base scenario” that is more conservative than flow conditions during
initial failed attempts.

This scenario uses some of the assumptions used in the base scenario considered by the USACE [5].
The breach is assumed to have widened from 61 to 137 m by 10:00 am. The elevation of water after
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the breach had increased by 1.92 m. Corresponding to this water elevation in the channel before the
breach, the measured flow across the breach was 580 m3/s. Using these data, the critical velocity is
2.5 m/s (as measured experimentally by Sattar et al. [29] and calculated numerically by Jia et al. [66])
and Vcr is 0.78 m/s for 1359 kg (3000 lb) and 0.70 m/s for 2718 kg (6000 lb) sandbags.

Scaling up model parameters to prototype parameters results in significant differences due to
model effects, scale effects, and measurement effects [67], with scale effects contributing most to the
difference. Making the experimental model as close as possible to prototype dimensions would yield
least scale effects. However, it would be uneconomic to build such models. Thus, Heller [67] proposed
scales of 1:50 to 1:100 for open channel flows that would be a compromise between both reasonable
model size and moderate scale effects. Moreover, Chanson [68] reported that scale effects would be
minimized and/or eliminated in models with scales from 1:25 to 1:50. In our experiments, water depth
in the flume was 40 cm, which implies a scale of less than 1:50 compared to the 17th Street Canal depth
of 7 m. Therefore, it can be assumed that scale effects between the lab setup and case study are minimal
and would not affect results.

Calculating the critical velocity from various calibrated and original models for the sandbags
that were initially dropped by the USACE [5] during attempts to close the breach showed that
some equations provide non-logical results. The critical velocity for sandbag motion as predicted by
Samov and Izbash [44] is 2.5–2.8 m/s and 3.1–3.6 m/s for 3000 lb and 6000 lb sandbags, respectively.
These velocities greatly exceed the actual critical velocity, suggesting that both sizes of sandbags
dropped by the USACE could not have been washed away by flowing water, which is not what
happened. Therefore, these equations provided false predictions for sandbag incipient motion and are
not recommended to be used without calibration.

The calibrated equations of Brahms and Izbash [44], and the equation developed in the present
study, predicted similar values for critical velocity required for the motion of sandbags. Critical
velocities had average values from 1.6 m/s to 1.8 m/s for 3000 lb and 6000 lb sandbags, respectively.
These predicted velocities were lower than the actual flow velocity when dropping the bags, confirming
what really occurred in initial failed attempts where the dropped sandbags could be easily swept away
by breach flood waves. These models had the narrowest prediction interval of ±10%, which implies
that even when considering the uncertainty in predictions within this interval, the sandbags would
still be washed away easily.

As discussed before, spherical and cube shaped sandbags had the lowest critical velocity for
initiation of motion among prism sandbags with the same weights. Prism sandbags (with b/c < 0.4)
have better hydrodynamic characteristics that give them higher stability and resistance to being moved
by flowing water. This is confirmed by calculations of critical velocity for prism sandbags that could
have been used for initial breach closure attempts.

The actual critical velocity Vcr for 1359 kg (3000 lb) and 2718 kg (6000 lb) prism sandbags are 1.10
and 0.90 m/s, respectively. The equations developed in the current study predicted values close to
this for critical velocity, which were higher than those predicted by the equation in Zhu et al. [43]. Vcr

was predicted as 0.83 m/s and 1.04 m/s for developed equations in the present study, compared with
0.37 m/s for Zhu et al. [43]. However, the uncertainty range for the first equation was wider than
other equations, where the predicted critical velocity could lie within the range of 0.42–1. On the other
hand, the predicted velocity—taking into account the uncertainty range—from the present study was
equal to or greater than the actual critical velocity, suggesting that the sandbags would resist being
washed away by the flow. The same is true for the 2718 kg (6000 lb) sandbags, where the average
critical velocity was higher than or equal to the actual breach flow conditions, and thus, would resist
being moved by breach water.

Using this type of prism sandbag, the available helicopters could have been used to carry
more sandbags, and breach closure would have been very likely possible in a timely manner.
The Zhu et al. [43] model predictions for the critical velocity were lower than those of the fitted
model and did not show a clear differentiation between various orientations of sandbag with respect
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to flow. The Zhu et al. [43] model’s critical velocity was a half less than other models, suggesting a
considerable error in sandbag choice.

According to Sattar et al. [29] a sandbag of weight 6795 kg (15,000 lb) was not washed away at
about 40% of the breach length and a similar ratio for a sandbag of 3171 kg (7000 lb), while only 20% of
the breach required 4530 kg (10,000 lb) sandbag. An experimental simulation [29] and a numerical
simulation [66] of the breach flow showed that the depth averaged velocity for the base scenario ranged
from 2 to 2.5 m/s. Table 6 presents the critical depth averaged velocity required sandbag motion
as predicted by the available models for large spherical sandbags. As discussed above, the Samov
equation and Izbash [44] model predicted the highest critical velocity amongst all other models. All
models, except for the Novak and Nalluri [52] model, confirmed experimental findings by predicting
higher critical velocity for sandbag motion than actual flow conditions; thus, the chosen sandbag was
not washed away. This is true when considering the prediction uncertainty interval for each model.
Utilizing these results, a recommendation can be made to use the calibrated Brahms model, the model
developed in the current study for spherical sandbags, and the calibrated Izbash [44] model to predict
the critical velocity for sandbag motion threshold when used in levee breach closure. Considering the
three models with a prediction uncertainty of ±10% can give decision makers a rough estimate for the
correct choice of sandbag weight and/or diameter for breach closure.

Table 6. Critical velocity (Vcr) for spherical sandbag motion for breach closure in Base Scenario studied
by Sattar et al. [29].

Study Model Vcr 95% Confidence
Interval (m/s)

10,000 lbs
Sandbag

15,000 lbs
Sandbag

Novak and Nalluri [52]
(Calibrated) Vcr = 0.569

(
D
R

)−0.34√ (ρs−ρw)
ρw

gD
Predicted 0.96 0.98

Range (0.73–1.45) (0.75–1.48)

Brahms (Calibrated) Vcr = 0.381W1/6 Predicted 2.27 2.43
Range (2.01–2.50) (2.21–2.77)

Present study—Sphere Vcr = 1.633D0.47 Predicted 2.00 2.16
Range (1.78–2.26) (1.92–2.44)

Samov (Original) Vcr = 2.5D0.44 Predicted 3.00 3.24
Range (4.35–5.55) (4.70–6.00)

Izbash [44]
(Original) Vcr = 3.76

√
D
(

ρs−ρw
ρw

) Predicted 5.48 5.77
Range (10.25–13.10) (10.79–13.79)

Izbash [44]
(Calibrated) Vcr = 1.77

√
D
(

ρs−ρw
ρw

) Predicted 2.20 2.37
Range (1.94–2.46) (2.08–2.66)

6. Conclusions

Motivated by the importance of open channel levee breach and the engineering requirements for
timely breach closure, this study experimentally investigated some of the hydraulic characteristics of a
breach flow together with the effect of sandbag shape and size on the incipient motion of the bags.
Experimental measurements during hydraulic modelling in the laboratory showed that prism sandbags
have better hydrodynamic characteristics than spherical bags with the same weight. Measurements
were used to calibrate existing models and develop new ones for sandbag incipient motion for breach
closure. A power function linking critical velocity for sandbag threshold motion and the sandbag
height to length ratio was proposed. The developed models for the incipient motion are based on the
built experiment that has the following important assumptions: Breach formation and dike failure
process are not accounted for, and breach and channel beds are immobile; the breach and channel beds
have the same elevation; and the inundation area after a breach is assumed as the open boundary with
no effect on breach outflow. Most importantly, similar to previous research, only one sandbag is placed
in breach and tested for incipient motion.

Statistical analyses were performed on the prediction models to provide a range of uncertainty in
the predicted critical velocity. The available calibrated and developed models were then applied to 17th
Street Canal levee breach closure. The obtained results showed that Izbash [44] models predicted the
highest critical velocity amongst all other models. All models, except for the Novak and Nalluri [52]
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model, confirmed experimental findings by predicting higher critical velocity for sandbag motion than
actual flow conditions, and thus, the chosen sandbag was not washed away. Reasonable agreement was
achieved in comparing the predicted critical velocity for sandbags with the actual velocities during the
USACE attempts for breach closure. Results suggested that some equations can be used considering
their uncertainty in prediction to provide a rough view for decision makers on the required sandbags
for closing a breach flow. Moreover, through the use of a new formula, it provides engineers with
applicable results for implementation in practical cases.

In this work, all experiments for incipient motion of sandbags were carried out in side breach
flows to calibrate existing and develop new empirical equations for linking sandbag size and critical
flow velocity. Various parameters including breach failure, downstream bed morphological changes,
and the associated change in breach flow/velocity, can affect obtained results and could be considered
in future research.
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Abbreviations

b sandbag height (cm)
Bub the width of the uncertainty band
c sandbag length parallel to the flow direction (cm)
C1–8 empirical constants
D the diameter of the spherical particle (mm)
ei the prediction error
e mean prediction error
H water depth above sandbag (m)
Lb breach width (m)
Pi the predicted value of the parameter
Qb the breach discharge (m3/s)
Qu main channel discharge (m3/s)
Qr breach flow ratio = Qb/Qu

R channel hydraulic radius (m)
R2 the coefficient of determination
Se the standard deviation of prediction errors
Ti the measured value of the parameter

V∗cr Vcr/
√

(ρs−ρw)
ρw

gb;

ρs sandbag density (g/cm3)
ρw water density (g/cm3)

References

1. Zaji, A.H.; Bonakdari, H.; Gharabaghi, B. Applying Upstream Satellite Signals and a 2-D Error Minimization
Algorithm to Advance Early Warning and Management of Flood Water Levels and River Discharge.
IEEE Trans. Geosci. Remote Sens. 2019, 57, 902–910. [CrossRef]

2. Zaji, A.H.; Bonakdari, H.; Gharabaghi, B. Remote Sensing Satellite Data Preparation for Simulating and
Forecasting River Discharge. IEEE Trans. Geosci. Remote Sens. 2018, 56, 3432–3441. [CrossRef]

3. Perdikaris, J.; Gharabaghi, B.; Rudra, R. Evaluation of the Simplified Dynamic Wave, Diffusion Wave and
the Full Dynamic Wave Flood Routing Models. Earth Sci. Res. 2018, 7, 14. [CrossRef]

http://dx.doi.org/10.1109/TGRS.2018.2862640
http://dx.doi.org/10.1109/TGRS.2018.2799901
http://dx.doi.org/10.5539/esr.v7n2p14


Water 2019, 11, 279 19 of 21

4. Gholami, A.; Bonakdari, H.; Ebtehaj, I.; Mohammadian, M.; Gharabaghi, B.; Khodashenas, S.R. Uncertainty
analysis of an intelligent model of hybrid genetic algorithm and particle swarm optimization with ANFIS
to predict threshold bank profile shape based on digital laser approach sensing. Measurement 2018, 121,
294–303. [CrossRef]

5. United States Army Corps of Engineers (USACE). Interagency Performance Evaluation Taskforce (IPET).
Final Report, March–June 2007. Available online: www.ipet.wes.army.mil (accessed on 15 February 2007).

6. Kamrath, P.; Disse, M.; Hammer, M.; Koengeter, J. Assessment of discharge through a dike breach and
simulation of flood wave propagation. Nat. Hazards 2006, 38, 63–78. [CrossRef]

7. Michelazzo, G.; Oumeraci, H.; Paris, E. Laboratory study on 3D flow structures induced by zero-height side
weir and implications for 1D modelling. J. Hydraul. Eng. 2015, 141, 0401502. [CrossRef]

8. Agaccioglu, H.; Yüksel, Y. Side-weir flow in curved channels. J. Irrig. Drain. Eng. 1998, 124, 163–175.
[CrossRef]

9. Borghei, S.M.; Jalili, M.R.; Ghodsian, M. Discharge coefficient for sharp-crested side weir in subcritical flow.
J. Hydraul. Eng. 1999, 125, 1051–1056. [CrossRef]

10. Ramamurthy, A.S.; Qu, J.; Vo, D. VOF model for simulation of a free overfall in trapezoidal channels. J. Irrig.
Drain. Eng. 2006, 132, 425–428. [CrossRef]

11. Emiroglu, M.E.; Kaya, N.; Agaccioglu, H. Discharge capacity of labyrinth side weir located on a straight
channel. J. Irrig. Drain. Eng. 2010, 136, 37–46. [CrossRef]

12. Zaji, A.H.; Bonakdari, H. Performance evaluation of two different neural network and particle swarm optimization
methods for prediction of discharge capacity of modified triangular side weirs. Flow Meas. Instrum. 2014, 40,
149–156. [CrossRef]

13. Ebtehaj, I.; Bonakdari, H.; Zaji, A.H.; Azimi, H.; Sharifi, A. Gene Expression Programming to Predict the
Discharge Coefficient in Rectangular Side Weirs. Appl. Soft Comput. 2015, 35, 618–628. [CrossRef]

14. Khoshbin, F.; Bonakdari, H.; Ashraf Talesh, S.H.; Ebtehaj, I.; Zaji, A.H.; Azimi, H. ANFIS multi-objective
optimization using Genetic Algorithm Singular Value Decomposition method for modeling discharge
coefficient in rectangular sharp-crested side weirs. Eng. Optim. 2016, 48, 933–948. [CrossRef]

15. Azimi, H.; Bonakdari, H.; Ebtehaj, I. Sensitivity Analysis of the Factors Affecting the Discharge Capacity
of Side Weirs in Trapezoidal Channels using Extreme Learning Machines. Flow Meas. Instrum. 2017, 54,
216–223. [CrossRef]

16. Bonakdari, H.; Zaji, A.H. New type side weir discharge coefficient simulation using three novel hybrid
adaptive neuro-fuzzy inference systems. Appl. Water Sci. 2018, 8, 10. [CrossRef]

17. Ebtehaj, I.; Bonakdari, H.; Gharabaghi, B. Development of more accurate discharge coefficient prediction
equations for rectangular side weirs using adaptive neuro-fuzzy inference system and generalized group,
method of data handling. Measurement 2018, 116, 473–482. [CrossRef]

18. Neary, V.S.; Odgaard, A.J. Three-dimensional flow structure at open channel diversions. J. Hydraul. Eng.
1993, 119, 1223–1230. [CrossRef]

19. Weber, L.J.; Schumate, E.D.; Mawer, N. Experiments on flow at a 90◦ open-channel junction. J. Hydraul. Eng.
2001, 127, 340–350. [CrossRef]

20. Ramamurthy, A.S.; Qu, J.; Vo, D. Numerical and experimental study of dividing open-channel flow.
J. Hydraul. Eng. 2007, 133, 1135–1144. [CrossRef]

21. Kesserwani, G.; Vazquez, J.; Rivière, N.; Liang, Q.; Travin, G.; Mosé, R. New approach for predicting flow
bifurcation at right-angled open-channel junction. J. Hydraul. Eng. 2010, 136, 662–668. [CrossRef]

22. Nanía, L.; Gomez, M.; Dolz, J.; Comas, P.; Pomares, J. Experimental study of subcritical dividing flow in an
equal-width, four-branch junction. J. Hydraul. Eng. 2011, 37, 1298–1305. [CrossRef]

23. Momplot, A.; Lipeme Kouyi, G.; Mignot, E.; Rivière, N.; Bertrand-Krajewski, J.L. Typology of the flow
structures in dividing open channel flows. J. Hydraul. Res. 2017, 55, 63–71. [CrossRef]

24. Ghostine, R.; Kesserwani, G.; Vazquez, J.; Rivière, N.; Ghenaim, A.; Mosé, R. Simulation of supercritical flow
in crossroads: Confrontation of a 2D and 3D numerical approaches to experimental results. Comput. Fluids
2009, 38, 425–432. [CrossRef]

25. Ghostine, R.; Vazquez, J.; Nicolas, R.; Terfous, A.; Ghenaim, A.; Mose, R. A comparative study of the 1D and
2D approaches for simulation of flows at right angled dividing junctions. Appl. Math. Comput. 2013, 219,
5070–5082.

http://dx.doi.org/10.1016/j.measurement.2018.02.070
www.ipet.wes.army.mil
http://dx.doi.org/10.1007/s11069-005-8600-x
http://dx.doi.org/10.1061/(ASCE)HY.1943-7900.0001027
http://dx.doi.org/10.1061/(ASCE)0733-9437(1998)124:3(163)
http://dx.doi.org/10.1061/(ASCE)0733-9429(1999)125:10(1051)
http://dx.doi.org/10.1061/(ASCE)0733-9437(2006)132:4(425)
http://dx.doi.org/10.1061/(ASCE)IR.1943-4774.0000112
http://dx.doi.org/10.1016/j.flowmeasinst.2014.10.002
http://dx.doi.org/10.1016/j.asoc.2015.07.003
http://dx.doi.org/10.1080/0305215X.2015.1071807
http://dx.doi.org/10.1016/j.flowmeasinst.2017.02.005
http://dx.doi.org/10.1007/s13201-018-0669-y
http://dx.doi.org/10.1016/j.measurement.2017.11.023
http://dx.doi.org/10.1061/(ASCE)0733-9429(1993)119:11(1223)
http://dx.doi.org/10.1061/(ASCE)0733-9429(2001)127:5(340)
http://dx.doi.org/10.1061/(ASCE)0733-9429(2007)133:10(1135)
http://dx.doi.org/10.1061/(ASCE)HY.1943-7900.0000222
http://dx.doi.org/10.1061/(ASCE)HY.1943-7900.0000423
http://dx.doi.org/10.1080/00221686.2016.1212409
http://dx.doi.org/10.1016/j.compfluid.2008.05.003


Water 2019, 11, 279 20 of 21

26. Yen, C. Hydraulics and effectiveness of levees for flood control. In Proceedings of the U.S. Italy Research
Workshop on the Hydrometeorology, Impacts, and Management of Extreme Floods, Perugia, Italy, 13–17
November 1995.

27. Jaffe, D.; Sanders, B. Engineered levee breaches for flood mitigation. J. Hydraul. Eng. 2001, 127, 471–477.
[CrossRef]

28. Apel, H.; Merz, B.; Thieken, A. Influence of dike breaches on flood frequency estimation. Comput. Geosci.
2008, 35, 907–923. [CrossRef]

29. Sattar, A.M.A.; Kassem, A.; Chaudhry, M.H. Case study: 17th street canal breach closure procedures.
J. Hydraul. Eng. 2008, 134, 1547–1558. [CrossRef]

30. Sylvie, V.E.; Sandra, S.; Cyrus, K.; Hanif Chaudhry, M.H.; Imran, J. Simulations of the new Orleans 17th
street canal breach flood. J. Hydraul. Res. 2012, 50, 70–81.

31. LaRocque, L.; Elkholy, M.; Hanif Chaudhry, M.; Imran, J. Experiments on Urban Flooding Caused by a Levee
Breach. J. Hydraul. Eng. 2013, 139, 960–973. [CrossRef]

32. Sattar, A.M.A. Experimental investigation of flood waves from open-channel levee breach. In Experimental and
Computational Solutions of Hydraulic Problems, GeoPlanet: Earth and Planetary Sciences; Springer: Berlin/Heidelberg,
Germany, 2013; pp. 221–235.

33. Testa, G.; Zuccal, D.; Alcrudo, F.; Mulet, J.; Soares-Frazao, S. Flashflood flow experiment in a simplified
urban district. J. Hydraul. Res. 2007, 45, 37–44. [CrossRef]

34. Soares-Frazao, S.; Lhomme, J.; Guinot, V.; Zech, Y. Two dimensional shallow water model with porosity for
urban flood modeling. J. Hydraul. Res. 2008, 46, 45–64. [CrossRef]

35. Liang, D.; Falconer, R.A.; Lin, B. Coupling surface and subsurface flows in a depth averaged flood wave
model. J. Hydrol. 2007, 337, 147–158. [CrossRef]

36. Sanders, B.F.; Schubert, J.E.; Gallegos, H.A. Integral formulation of shallow-water equations with anisotropic
porosity for urban flood modeling. J. Hydrol. 2008, 362, 19–38. [CrossRef]

37. Yu, M.; Deng, Y.; Qin, L.; Wang, D.; Chen, Y. Numerical simulation of levee breach flows under complex
boundary conditions. J. Hydrodyn. 2009, 21, 633–639. [CrossRef]

38. Petaccia, G.; Soares-Frazao, S.; Natale, L.; Zech, Y. Simplified versus detailed two dimensional approaches to
transient flow modeling in urban areas. J. Hydraul. Eng. 2010, 136, 262–266. [CrossRef]

39. Mignot, E.; Bonakdari, H.; Knothe, P.; Lipeme Kouyi, G.; Bessette, A.; Rivière, N.; Bertrand-Krajewski, J.L.
Experiments and 3D simulations of flow structures in junctions and their influence on location of flowmeters.
Water Sci. Technol. 2012, 66, 1325–1332. [CrossRef] [PubMed]

40. Defne, Z. Effect of Particle Shape and Size on Incipient Motion of Solid Particles. Master’s Thesis, The Middle
East Technical University, Ankara, Turkey, 2002.

41. Gogus, M.; Defne, Z. Effect of shape on incipient motion of large solitary particles. J. Hydraul. Eng. 2005, 131,
38–45. [CrossRef]

42. Gulcu, B. Incipient Motion of Coarse Solitary Particles. Master’s Thesis, The Graduate School of Natural and
Applied Sciences of Middle East Technical University, Ankara, Turkey, 2009.

43. Zhu, L.; Wang, J.; Cheng, N.; Ying, Q.; Zhang, D. Settling distance and incipient motion of sandbags in open
channel flows. J. Waterw. Port Coast. Ocean Eng. 2004, 130, 98–103. [CrossRef]

44. Izbash, S.V. Construction of dams by depositing rock in running water. In Proceedings of the 2nd Congress
on Large Dams, Washington, DC, USA, 7–12 September 1936.

45. Kobayashi, N.; Jacobs, B.K. Experimental study on sand-bag stability and runup. In Coastal Zone ’85;
Magoon, O.T., Converse, H., Miner, D., Clark, D., Tobin, L.T., Eds.; ASCE: New York, NY, USA, 1985;
Volume 2, pp. 1612–1626.

46. Neill, C.; Mannerstrom, M.; Azad, A.K. Model tests on geobags for erosion protection. In Proceedings of the
International Conference on Scour and Erosion, Tokyo, Japan, 5–7 November 2008.

47. Korkut, R.; Martinez, E.; Morales, R.; Ettema, R.; Barkdoll, B. Geobag performance as scour countermeasure
for bridge abutments. J. Hydraul. Eng. 2007, 113, 431–439. [CrossRef]

48. Pilarczyk, K.W. Geomettessess in erosion control—An overview of design criteria. In Filters and Drainage in
Geotechnical and Environmental Engineering; Balkema: Rotterdam, The Netherlands, 2000; pp. 331–338.

49. Richardson, E.V.; Davis, S.R. Evaluating Scour at Bridges, 3rd ed.; Hydraulic Engineering Circular No. 18
(HEC 18), Rep. No. FHwA-IP-90-017; Office of Technology: Washington, DC, USA, 1995.

http://dx.doi.org/10.1061/(ASCE)0733-9429(2001)127:6(471)
http://dx.doi.org/10.1016/j.cageo.2007.11.003
http://dx.doi.org/10.1061/(ASCE)0733-9429(2008)134:11(1547)
http://dx.doi.org/10.1061/(ASCE)HY.1943-7900.0000754
http://dx.doi.org/10.1080/00221686.2007.9521831
http://dx.doi.org/10.1080/00221686.2008.9521842
http://dx.doi.org/10.1016/j.jhydrol.2007.01.045
http://dx.doi.org/10.1016/j.jhydrol.2008.08.009
http://dx.doi.org/10.1016/S1001-6058(08)60194-8
http://dx.doi.org/10.1061/(ASCE)HY.1943-7900.0000154
http://dx.doi.org/10.2166/wst.2012.319
http://www.ncbi.nlm.nih.gov/pubmed/22828313
http://dx.doi.org/10.1061/(ASCE)0733-9429(2005)131:1(38)
http://dx.doi.org/10.1061/(ASCE)0733-950X(2004)130:2(98)
http://dx.doi.org/10.1061/(ASCE)0733-9429(2007)133:4(431)


Water 2019, 11, 279 21 of 21

50. El-Kholy, M.; Chaudhry, M.H. Tracking sandbags motion during levee breach closure using DPTV technique.
In Proceedings of the 33rd Congress, International Association of Hydraulic Engineering and Research,
Vancouver, BC, Canada, 10–14 August 2009.

51. Juez, C.; Murillo, J.; Garcia, P. A 2D weakly-coupled and efficient numerical model for transient shallow flow
and movable bed. Adv. Water Resour. 2014, 71, 93–109. [CrossRef]

52. Novak, P.; Nalluri, C. Incipient motion of sediment particles over fixed beds. J. Hydraul. Eng. 1984, 22,
181–197. [CrossRef]

53. Michelazzo, G.; Oumeraci, H.; Paris, E. New hypothesis for the final equilibrium stage of a river levee breach
due to overflow. Water Resour. Res. 2018, 54, 4277–4293. [CrossRef]

54. Stelczer, K. Bed-Load Transport: Theory and Practice; Water Resources Publications: Littleton, CO, USA, 1981.
55. Sattar, A.M.; Dickerson, J.; Chaudhry, M. A wavelet Galerkin solution to the transient flow equations.

J. Hydraul. Eng. 2009, 135, 283–295. [CrossRef]
56. Sattar, A.M. Gene expression models for the prediction of longitudinal dispersion coefficients in transitional

and turbulent pipe flow. J. Pipeline Syst. Eng. Pract. 2013, 5, 04013011. [CrossRef]
57. Sattar, A.M. Gene expression models for prediction of dam breach parameters. J. Hydroinform. 2014, 16,

550–571. [CrossRef]
58. Najafzadeh, M.; Sattar, A.M. Neuro-Fuzzy GMDH Approach to Predict Longitudinal Dispersion in Water

Networks. Water Resour. Manag. 2015, 29, 2205–2219. [CrossRef]
59. Sattar, A.M.; Gharabaghi, B. Gene expression models for prediction of longitudinal dispersion coefficient in

streams. J. Hydrol. 2015, 524, 587–596. [CrossRef]
60. Sattar, A.M. Prediction of organic micropollutant removal in soil aquifer treatment system using GEP.

J. Hydrol. Eng. 2016, 21, 04016027. [CrossRef]
61. Sattar, A.M.; Gharabaghi, B.; McBean, E.A. Prediction of timing of watermain failure using gene expression

models. Water Resour. Manag. 2016, 30, 1635–1651. [CrossRef]
62. Sattar, A.M. A probabilistic projection of the transient flow equations with random system parameters and

internal boundary conditions. J. Hydraul. Res. 2016, 54, 342–359. [CrossRef]
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