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ABSTRACT

The main objective of the study is to understand the effects of breach
properties (e.g. the top width, the depth and the bottom width of the breach)
on the breach flow. The breach flow was modeled as flow over a compound
broad-crested weir. A laboratory experiment was carried out with a fixed weir
model in a flume. Five cases with different breach properties were tested.

Firstly, the discharge coefficients for all cases were quantitatively determined.
The calibrations were done under two flow conditions, namely emerged flow
conditions (flow only through the breach) and overtopping flow conditions
(flow through the compound cross-section of weir). In perfect weir situations, it
turned out that the values of the discharge coefficient were below 1 and rather
different in the two flow conditions. Particularly in the case of overtopping flow,
the linear combination of traditional discharge equations was verified for
predicting the discharge and the discharge distribution over the weir. In
imperfect weir situations, submergence coefficient was introduced in emerged
condition. Secondly, the dependence of the energy head loss caused by the
weir on the upstream discharge and the downstream water depth was
discussed in imperfect weir situations. The Form Drag model for estimating the
energy head loss was proved to be applicable for the modeled breach flow.
Thirdly, the local hydraulic characteristics of breach flow were described by
means of velocity distribution, water level elevation and flow patterns
appearing behind the weir. At last, the numerical model (Delft3D) was verified
on the modeling of the present experiment by comparing with the experimental
data.

The report provides the information for the breach flow which can be of use in
the development of breach models, inundation models and compound weir
design.
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CHAPTER 1. INTRODUCTION

1.1 Background

1.1.1 Flooding Events in the World

Flooding is one of the most frequent disasters that threaten human lives and
habitats around the world. The history of mankind is full of events in which
people struggled with floods. In some countries, the history of flooding can be
even dated back to thousands years ago. The Netherlands, sometimes referred
to as the 'sink’ of Europe, has 26% of its area below mean sea level and 70% of
the area would be flooded without coastal defense. Besides, three major
European rivers, the Rhine, Meuse and Scheldt flow through the Netherlands.
Due to the special geographic situation, the country is prone to storm surge
and river flood. The history of Dutch water management dates from
approximately 1000 AD, when people began to encircle their settlements with
embankments (Visser, 1998). However, the history tells that more efforts were
needed to reduce threatens of floods. For centuries, floods claimed many
victims and losses, for instance, the great St. Elizabeth Deluge in 1421 caused
tens of thousands of people died due to dike break. During the 20th century, in
order to fulfill the objectives of being protected from the open sea and creating
new agricultural land, one of the largest hydraulic engineering projects
undertaken by the Dutch is the Zuiderzee Works consisting of dams, land
reclamation and water drainage works. Nevertheless, the flood disaster in 1953
must be mentioned, the biggest natural disaster event in Dutch history and one
of the worst floods in modem times in Europe. During the event, over 1800
people have died and about 4500 buildings were destroyed and seriously
damaged with an enormous economic loss. Therefore, in response to the flood
of 1953, the most well-known Delta Works including the Oosterschelde storm
surge barrier were built. Nowadays, although the current defense systems are
stronger than ever, the Dutch are facing the challenge of sea level rise and
making efforts to improve the systems by the latest technology. Figure (1-1)
shows the area vulnerable to flooding in the Netherlands and area drowned in
1953.
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Figure (1 - 1): The Netherlands: Area vulnerable to flooding and area drowned in 1953
(Source: internet)
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Besides the Netherlands, China also has a long history of flooding. The earliest
historical document about flooding can be dated back to at least 4000 years
ago when Great the Yu teaching the people techniques to tame rivers and lakes
during an epic flood. According to historical data, around 1000 significant flood
events were recorded in the period between 206 B.C. and 1949, averaging once
in every two years (Zhang and Wen, 2001). The frequent occurrence of floods
gave people the impulse to build flooding defense structures. The fatuous
hydraulic project Dujiangyan was constructed in 256 BC in Sichuan province,
China and it aimed for controlling the annual flooding of Min River combining
the functions of irrigation and navigation. Surprisingly, it is still in use today to
irrigate over 5,300 square kilometers of land in the region. In recent history,
major rivers such as Yangtze and Yellow River (Figure (1-2)) in China were
struck by a number of serious disastrous floods. Yangtze River is the longest
river in China with a length of 6418 km and its river basin is home to one-third
of China's population. The casualties of the Yangtze River flood in 1931 reached
145,000 people and affected 28.5 million. Afterwards, efforts were made to
improve the flooding defense system, but the floods of 1954 and 1998 were still
highly destructive and killed some 30,000 and 3,650 people respectively. Most
recently in the summer of 2010, thanks to the accomplishment of Three Gorges
Dam project in the Yangtze River, the flood was alleviated effectively but still
killed several hundred people and caused extensive loss of property. The Yellow
River, the second longest river in China with a length of 5464 km, has flooded
1,593 times in the last 3,000—4,000 years. The Yellow River floods (1887, 1931
and 1938) were three of the deadliest natural disasters ever recorded. These
were caused by the overflow of dikes due to days of heavy rain and years of
siltation. The result was devastating: around 900,000, 1,000,000 and 800,000
people were killed, respectively. These floods had catastrophic agricultural,
economic and social impact in the history of China.
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Figure (1 - 2): China: Yangtze River and Yellow River (Source: internet)



Floods also devastated many other areas in the world. In New Orleans, US, the
city is protected by hundreds of miles of levees and flood gates. During
Hurricane Katrina in 2005, the defense system failed and resulted in the
inundation of approximately 50% of the metropolitan area and the death of
1,464 people. In Pakistan, in late July 2010, a flood caused by heavy monsoon
rains affected about 20 million people with a death toll of close to 2,000. A
series of floods hit Australia, at the beginning of December 2010, primarily in
the state of Queensland and at least seventy towns and over 200,000 people
were affected. In Thailand, a disastrous flooding took place from around July
2011 to December 2011, over 12.8 million people were affected and about six
million hectares of land was inundated.

1.1.2 Inundation Modeling

Dams, dikes and weirs generally serve the primary purpose of retaining water
for flood control, water supply, electricity generation, etc. However, at the same
time, the potential of failure risks people’s life. For the purpose of defending
and predicting flood or storm surge, inundation models have been developed to
obtain relevant information about the flood events, such as flood extent, flood
propagation, water depth, etc. These provide people the basis for flood control,
defense system design, catchment management and evolving of evacuation
plans, etc. Figure (1-3) shows the elements that need to be analyzed in an
inundation modeling. A flood inundation model can be one-dimensional,
two-dimensional and three-dimensional. 1D models have the advantages of
ease of calculation, parameterization and representation of hydraulic structures.
2D and 3D models are able to simulate minute hydraulic details but with the
requirement of large computational times and sufficient data (Kuiry et al,
2010). For instance, Ervine and MacCleod (1999) applied a steady-state
one-dimensional river model to a river channel with distant flood banks by
combining with channel-floodplain interaction methods. Beffa and Connell
(2000) proposed a two-dimensional model to simulate flood plain flow with the
help of a finite volume scheme. In the study of Li et a. (2006), a
three-dimensional flood model was developed based on complete
Reynolds-averaged Navier—Stokes equations including hydrodynamic pressure.
Besides many inundation models are designed to simulate the flooding of
natural lowland floodplains in a wide valley, in case of the inundation caused by
breaching of dam, weir or dike (Han et a/,, 1998; Ying and Wang, 2005; Li et al,
2006).

Barriers
(dam, weir, dike etc.)

. Source Receptors
(river, sea, reservoir etc.) (people, agriculture, property etc.)
o x\ .
Breaching = 7
process =] | MY =

Figure (1 - 3): Description of elements in the flood defense system
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1.1.3 Breach Modeling

Breach modeling is significant to understand the threats due to the potential
failures of dams, dikes and weirs. The aims of predictions of dam failure are the
outflow hydrograph of reservoir and the downstream routing hydrograph (Wahl,
2010). Predictions of the downstream flood inundation resulting from a failure
of a dam, a dike or a weir first require investigation of the process of breaching
as it has a significant influence on the flood, the discharge, hence the
inundation. The breaching process is of great complication and uncertainty. The
dam failures are of great complications and uncertainties which require the
knowledge of hydraulics, hydrodynamics, sediment erosion, and geotechnical
aspects (Singh et a/, 1988). Many researchers have contributed to breach
modeling (Fujita and Tamura, 1987; Wurbs 1987; Fread, 1988; Singh et al.,
1988; Visser, 1998; Zhu, 2006; Macchione, 2008; Schmocker and Hager, 2009;
Chang and Zhang, 2010). In general, the predicted key parameters in the
models are the breach formation time and breach geometry including the
maximum breach width, breach height, and the breach side slopes. The models
have been developed based on different failure mechanisms, e.g. overtopping,
piping and seepage, in addition, combinations of them. The target structure
material could be sand, earth and clay or a mixture. In many models, an initial
breach is assumed to be located at the crest and the shape of breach is usually
schematized as triangular, rectangular, trapezoidal or parabolic. Thanks to
these breach models, people have better understanding of breaching process
and prediction of flood events has made rapid progress in recent years. Future
sea level rise and river discharge increase due to climate change will increase
the necessity of having good and reliable breach models.

1.1.4 Weir Flow

Experimental and field observations have indicated that flow over and through
the breach can be simulated by the hydraulics of broad-crested weir flow (Chow,
1986). Weir flow is the basic topic in fluid mechanics and many investigations
have been carried with regards to the weir flow (Bos 1985; Ramamurthy et a/.
1988; Rijn 1990; Fritz and Hager 1998; Nguyen 2006; Sargison and Percy 2009;
Ali and Uijttewaal 2009 & 2010). Weir flow can be considered rapidly varied and
energy dissipated. Generally, an idealized equation is used to calculate the
discharge over the weir, but in reality, the influence of energy losses,
non-uniform velocity distribution and streamline curvature cannot be neglected.
To account for these effects, discharge coefficient is introduced. Besides, some
topics, such as critical flow, energy loss, velocity distribution over the weir etc.,
give people deep insight to the flow characteristics. The sketch of flow over a
trapezoidal weir is shown in Figure (1-4) and more details about weir flow
would be discussed in Chapter 3.
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Figure (1 - 4): Sketch of flow over a broad-crested weir

1.2 Problem Description

Based on the above introductions, the necessity of breach flow study is clear.
Although a considerable amount of investigations have been carried out on the
breach models (see Chapter 2) and weir flow (see Chapter 3), the knowledge
and information related to breach flow is incomplete. There are still questions
about the effects of breach geometries to the flow. These are significant for
studying the breaching process and the inundation process. To that end, further
research of breach flow over weirs is required.

1.3 Objectives and Research Methods
The objectives of the study are:

(a). Understanding of the effects of breach properties (the top width, the depth
and the bottom width of the breach) of broad-crested weirs on the flow.

(b). Qualitative description of hydraulic phenomena related to the breach flow.

(c). Improved tools on prediction of breach flow.

In order to achieve these purposes, weirs with various breach properties are to
be accessed under different flow conditions. Firstly, the discharge coefficient
needs to be quantitatively determined and the discharge distribution over the
weir is about to be studied in overtopping condition. Secondly, the dependence
of the energy head loss caused by the weir on the upstream discharge and the
downstream water depth will be discussed. Thirdly, the characteristics of
breach flow is to be described by means of velocity profiles, water level
elevation and hydraulic phenomena occurring behind the weir, such as eddies
and hydraulic jumps. In the study, the analytical solutions in literatures and
numerical solutions based on a computer model (Delft3D) will be presented for
predictions and comparisons.



1.4 Research Scope
The scope of the study is:

(a). The breach flow can be modeled as flow over a compound broad-crested
weir. An idealized shape of breach is assumed to be located at the weir
crest and only the breach properties would be varied for different cases.

(b). The attention of the study is focused on the hydraulic behavior and
characteristics of the breach flow.

(c). The flow condition is considered steady and the dynamic processes (e.g.
erosion and sediment transport) are not taken into account.

1.5 Outline of Thesis

Chapter 2 provides the background about the breach modeling including the
information about the evolution of breach and discharge through the breach,
etc. In Chapter 3, the literatures about flow over broad-crested weir are
reviewed. The knowledge related to weirs with breach (compound weir) is
included. Chapter 4 deals with the set-up and conduction of the experiment.
Chapter 5 is presented to interpret and analyze the discharge through the weir,
such as discharge coefficient. In Chapter 6, the energy head loss related to
breach flow is discussed. The local hydraulic characteristics are presented in
Chapter 7, including the velocity profiles, water level elevations and hydraulic
phenomena occurring behind the weir. Chapter 8 gives the set-up and
verifications of the numerical model (Delft3D). The comparisons of numerical
and experimental results are stated in the chapter. Chapter 9 draws the
conclusions and recommendations.



CHAPTER 2. BREACH GROWTH PROCESS

2.1 Introduction

Based on materials, dams or weirs can be classified into be homogeneous or
zone-filled. The natural filled materials are usually rocks, earth or clay. The
manmade materials are concrete, steel or timber. Different materials may lead
to different failure mechanisms. In the particular case of earth dikes or dams,
the most common failure modes are (Singh, 1996):

(a). Overtopping caused by extreme floods (hydraulic failure)

(b). Structural failure due to internal erosion or piping (hydraulic or geotechnical
failure)

(c). Structural failure due to shear slide or foundation problems (geotechnical
failure)

(d). Failure due to natural or induced seismicity

The mathematical models can be classified into parametric based or physically
based models. Parametric based models frequently use key parameters (e.g.
final breach geometry and breach formation duration) to simulate the breach
growth as a simplified time-dependent process (e.g. linear increase of breach
dimensions). This kind of models is generally simple and easy to use but weak
in accuracy due to the lack of a solid foundation. On the other hand, physically
based models tend to be more accurate but complicated to understand because
the breach growth process is simulated by an erosion model based of hydraulics,
sediment transport and soil mechanics. (Zhu, 2006)

In order to understand the process of breaching, some physical models and
physically based mathematical models are illustrated in the following sections.

2.2 Physical Models

The physical models generally include small-scale laboratory experiments and
large-scale field tests. Many physical models have been set up for the purposes
of breaching study during the last several decades. In this section, some of
these the physical models will be reviewed.

2.2.1 Laboratory Experiments

Caan (1996), see also Visser (1998), performed a laboratory experiment on
sand dike breaching in a basin of 34 m long, 16.6 m wide and 0.7 m deep. The
dike was built normal to 9 m long and 0.75 high glass-wall on a 0.5 m thick sand
bed. The dike model had a height of 0.15 m and a width of 0.2 m. The
inclination of outer slope was 1:2 and inner slope was 1: 4. The initial breach
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had a more or less rectangular cross-section with a width of 0.1 m and a depth
of 0.03 m. In the experiment, the water level (upstream), velocity (upstream
and breach) and breach width were measured.

Andrews et al. (1999) carried out experiments on small-scale homogeneous
embankments constructed with three types of noncohesive sediments. The
flume was 2.4 m wide, 12 m long and 0.3 m deep. All the embankments had a
height of 0.3 m, a crest length of 0.065 m and an embankment slope 2.7H: 1V.
In the experiment the breach failure was found to evolve through the stages of
initiation and deepening (primarily vertical erosion), deepening and widening,
and finally widening (predominantly lateral erosion) only after the foundation
level has been reached. The general shape of the breach channel cross-section
was found to be parabolic. Andrews et a/ (1999) proposed a method of
predicting the evolution of breach shape and an equation to estimate the
discharge through breach.

Zhu (2006), see also Zhu et al. (2006), conducted laboratory experiments on
embankment breaching. The tests were carried out in a straight flume of 35.5
m long, 0.8 m wide and 0.85 m deep. The tested embankments all have a
height of 0.75 cm and a width of 0.6 m at the crest. The slopes were 1H: 2V.
Five embankments built with different materials including pure sand and
sand-silt-clay mixtures were tested. Headcut erosion played an important role
in the process of breach growth in the embankments built of cohesive soil
mixtures. According to the tests, erosion usually initiated at locations close to
the toe of the embankment when overflowed and then extended to the entire
slope. Phenomena such as flow shear erosion, fluidization of the headcut slope
surface, undermining of the headcut due to impinging jet scour and discrete
soil mechanical slope mass failure from the headcut were observed. In the case
of the embankment constructed with pure sand, the breach erosion process
was dominated by shear erosion, which led to a gradual and relatively uniform
retreat of the downstream slope. Although head cut occurred, no large slope
mass failure was observed.

Under the IMPACT project (see Morris et al, 2007) three series of laboratory
tests (in total 23 tests) were performed at HR Wallingford (UK). The first series
simulated breach growth resulting from overtopping failure of embankments
built from non-cohesive material. The second test series was done to
investigate overtopping induced beach formation through cohesive material.
The third series focused on breaching induced by piping in a small flume.

Bukreev et al. (2008) measured the discharge and energy loss coefficients of
breach flow based in a fixed weir model. In the experiment, the real conditions
of a partial dam break were modeled by a weir with a polygonal profile and
lateral contraction. They concluded that the values of these coefficients for a
trapezoidal weir with a slope ratio of 1: 3 differ insignificantly from their values
for a rectangular weir.



2.2.2Field Tests

Also under the IMPACT project, 5 large-scale field tests carried out at the
downstream from the Rgssvass Dam in northern Norway (see Morris et al.,
2007). The variables included embankment heights (4.5 m, 5 m, and 6 m),
materials (cohesive, non-cohesive and composite) and failure mechanisms
(overtopping and piping). Figures (2-1) shows photos of two field tests.

Figure (2 - 1): Field tests undertaken in the IMPACT project (Morris et al,, 2007)

Zhang et al. (2009) carried out a field test with the prototype to study the
effects of cohesive strength of the filling of a cohesive homogeneous earth dam
on the breach formation. Three breach mechanisms were considered in the
research as they defined: the source-tracing erosion of dam body with the form
of “multilevel headcut”, “two-helix flow” erosion of dam crest and collapse of
breach sidewalls due to instability. They concluded that the cohesive strength
of filling of earth dam has great effect on breach formation. When the cohesive
strength is big, the main character of the breach formation is head cutting and
dumping collapse (Figure 2-2, left). If it is small, the main character of the
breach formation is single level head cutting and shearing collapse (Figure
(2-2), right).

Figure (2 - 2): Damping failure (/eft) and shéar fa//ure (right) (Zhang et a/ 2009)



2.3 Mathematical Models

2.3.1 DAMBRK Model

The DAMBRK model is a dam break flood forecasting model developed by Fread
(1984). The model consists of three components: a breach component for
providing a temporal and geometrical description of the breach, a component
for computing the reservoir outflow hydrograph and a component for modifying
flood wave to route through the downstream valley. The failure time and the
temporal breach parameters are given as input for the model. The total outflow
(Q) consists of broad-crested flow through breach (Q,) and flow through any

spillway outlet (Q,):
Q=Q,+Q (2-1)

The outflow through the breach (Q,) is calculated by:

Qb = Cl (do - ho)l.S + Cz (do - hb)z5 (2'2)

In case of piping induced break, then the orifice flow equation is used:

Q, =4.8A (d,-d,)" (2-3)

where h is the elevation of breach bottom, d,is the upstream (reservoir)
water surface elevation, the coefficients of C, and C, which taking into

account the coefficient of approach velocity and the influence of submergence
can be calculated by the equations given by Fread (1984), A, is the piping flow

area and d, is the tail water depth (elevation) immediately downstream of the

dam. Discharge coefficient is not included in the discharge equations. The
model was tested by two historical dam break events and the predicted results
are satisfied with the observed values in outflow volume, peak discharge and
peak flood elevation.

2.3.2 BREACH Model

Fread (1988, revised in 1991) developed the breach erosion model BREACH for
an earthen dam to predict the breach size, shape, time of formation and the
breach outflow hydrograph. He assumed that the breach has an initial
rectangular shape and then according to the stability of soil slope, it changes to
trapezoidal-shaped channel, forming an angle with the vertical, until the critical
value has reached. The evolution of the breach is as shown in Figure (2-3). In
the model, breach enlargement is governed by the rate of erosion which is
assumed to occur equally along the bottom. Further downwards erosion is not
allowed after reaching the valley floor. The flow into the breach is calculated by
the discharge equation of broad-crested weir flow for overtopping failure and
orifice flow for piping:
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Overtopping: Q,=30(d, -h,)"” (2-4)

Piping: Q, =0.98(29)"° A(d, -z’ (2-5)

where Q, is the flow through the breach channel, bis the instantaneous
width of initially rectangular-shaped channel , d, is the upstream (reservoir)
water surface elevation, hyis the elevation of breach bottom and z is the

center-line elevation of the initial breach. The dam may be homogeneous or
consist of two different materials. The predicted outflow hydrograph and
breach size and shape agree well with the values of four failure dams.

Breach
Center Line
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Figure (2 - 3): Front view of dam with breach formation sequence (Fread, 1988)

2.3.3 BEED Model

The BEED model (Singh and Quiroga 1987; Singh et a/., 1988) was developed
for the simulation of gradual erosion of earth-fill dams. It describes the dynamic
water sediment interaction during dam failure and incorporates both surface
erosion and side slope sloughing. The model applies the mass conservation
equation for the depletion of reservoir water and assumes that the breach
behave as a broad-crested weir. The breach evolution sketch resulting from
application of the BEED model to the historical dam failure (South Fork Dam) is
shown in Figure (2-4). By utilizing quasi-steady state conditions near the
breach, the discharge over the dam crest and through a trapezoidal breach can
be expressed respectively as: (Singh et al., 1988)
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Over the crest: Q. =C,(B-h,,)(d,-P)* (2-6)
In the breach: Q, =[Cb+C, (d,~h,)tan&](d, -h,)** (2-7)

where C, ,C, are dimensional coefficients, B is the width of the dam crest, b,
is the top width of the breach, d, is the upstream (reservoir) water surface
elevation, h, is the elevation of the breach bottom measured from reference

datum, @ is the angle between the breach side and the vertical. The
theoretical value of C, is 1.7 which is derived from the discharge equation of

broad-crested weir with rectangular section and C, is 1.35 which accounts for
the triangular part.

By testing the model with two dam failure events, the model predicted well for
timing, shape, and magnitude of the outflow hydrograph.
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Figure (2 - 4): Breach evolution for the South Fork Dam simulated by the BEED mode/
(Singh, 1996)

2.3.4 BRES Model

In the BRES model developed by Visser (1998), a relatively small initial breach
is assumed in the top of the dike that is so large that water flows through it
starting the breach erosion process. By assuming a trapezoidal shape of initial
breach with the angle of repose, he distinguished the process of breach erosion
for sand-dike into five stages (Figure (2-5)):
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I. Steepening of the inner slope from the initial value.
II. Yielding a decrease of the width of the crest of the dike in the breach.

ITI. Lowering of the top of the dike in the breach, with constant angle of the
critical breach side slopes, resulting in an increase of the breach width.

IV. Critical flow stage, in which the flow is virtually critical throughout the
breach, and the breach continues to grow mainly laterally.

V. Subcritical stage, in which the breach continues to grow, mainly laterally
due to the subcritical flow in the breach.

/ RS /A
/ % / /A,
! / /
= ,’/ ’:/ i/
/ ' / //’/ /s
; ! ’ / v
/S S
T pa—

Figure (2 - 5): Schematic illustration of breach growth in a sand dike (Visser, 1998)

In the first three stages the initial breach cuts itself into the dike and in stages
IV and V, most discharge through the breach happens and three types of
breach are distinguished depending on the erodibility of the foundation. In the
model, the discharge through the breach for different stages reads:
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Q, =C, [gj Job(d, -h,)** for t,<t<t, (2-8)
Q =C,b(29)"*(dy-h,)*(n,-h,)  for t,stst (2-9)

where C, is the discharge coefficient (=1), bis depth-averaged width of the
breach, d, is the upstream (reservoir) water surface elevation, h, is the height
of the bottom of the breach and h,is the water level in polder. The BRES model

simulate fairly well in the tests of a field experiment (Zwin, 94) and a laboratory
experiment (Caan, 1996).

2.3.5 BRES-Zhu Model

Corresponding to the study of sand-dike breaching by Visser, Zhu (2006)
investigated the breach process of clay dike. The distinct difference from the
sand dike breaching is the headcut erosion occurring in the first stage of the
clay-dike breaching process. Similarly, by assuming that the initial breach is
relatively small, trapezoidal-shaped and located in the top of the dike, Zhu
(2006) also classified the breach erosion process in clay-dikes into five stages:
(see Figure (2-6))

I. StageI (t, <t<t,): Floodwater flows through the initial breach in the dike

crest erodes soil away from the inner slope of the dike. Both flow shear
erosion as well as small-scale headcut erosion can occur along the inner
slope (see Figure (2-7)).

II. StagelI (t, <t<t,): The steepened inner slope of the dike holds the critical

slope angle g, throughout Stage II and acts like a headcut during the
erosion process owing to its large steepness (see Figure(2-7)).

III. Stage III (t, <t <t,): The headcut still maintains the critical slope angle g3,.

The breach enlarges rapidly, accordingly also the breach flow rate, which in
turn accelerates the breach erosion process in the dike. At the end of the
stage, the dike body in the breach has been washed away completely down
to the dike foundation or to the toe protection on the dike outer slope (sees
Figure (2-9)).

IV. Stage IV (t, <t <t,): In this stage the flow through the breach is critical.

Breach erosion takes place mainly laterally, with flow shear erosion along
the side-slopes of the breach and the resulting discrete side slope instability
being the main mechanisms for the breach enlargement. Vertical erosion in
this stage relies mainly on the geometrical and material features of the
dike.
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V. StageV (t, <t <t;): In this stage the flow through the breach is subcritical.

The breach erosion still occurs mainly laterally and at the end, the velocity
of the breach flow is reduced to such an extent that it can no longer erode
away soil material from either the dike body or the dike foundation. Hence
the breach growth process stops.

t t t
t=te t=h =1t
T T
Ll
t=t t=h
LA . p\ﬁf::i::gi
________EI} S — EJ_}_“_\__ ’/ ﬁ}f‘ ﬂl‘f‘ ﬂl:" ,,,,,,, ‘, :,:L
t f t 1 1 t
=t t=h t=t =t 1=t I=th I=h

15



Figure (2 - 7): Process of breach enlargement in the dike crest in Stages I (a) steepening
of breach side-slopes. (Zhu, 2006)
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Figure (2 - 8): Process of breach enlargement in the dike crest in Stages II: (b) reaching of
B, by the side-slope gradient. (Zhu, 2006)
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Figure (2 - 9): Process of breach enlargement in the dike crest in Stages III: breach
widening after [, is reached. (Zhu, 2006)

Similar to the BRES Model, three types of breach shapes are distinguished in
stage IV and V depending on erodibility of the foundation. The discharge
equations (2-8) and (2-9) are still applicable for the flow though the breach in
the clay dike. The model has been calibrated with some laboratory tests
showing a good agreement with experimental data. Further, the model
confronted with a prototype dike failure in China in 1998 with an about 40%
smaller final breach with than the observed one and close predicted diverted
floodwater volume.

2.3.6 Chang and Zhang Model

By considering the variations in soil erodibility along depth and the steepening
of the downstream slope, Chang and Zhang (2010) studied the erosion process
of landslide dams and divided the evolution of breach development into three
stages (Figure (2-10)):

I. The side slopes below the water level will be eroded and the side slopes
above the water level will collapse. The breach channel bed will also be
eroded. This process will continue until the side slopes reach a critical value.
The top breach width does not change during this stage, whereas both the
breach depth and breach bottom width increase gradually.

II. The side slopes continues to be eroded keeping the critical slope. The
breach top width, bottom width, and breach erosion depth increase during
this stage.

III. The breach slopes will recede laterally keeping the same side slope angle.
During this stage, the breach erosion depth keeps constant, whereas both
the breach top width and bottom width increase. In the vertical direction,
the breach cannot develop any further until a hard layer with its erosion
resistance larger than the shear stress induced by the water flow has been
encountered.
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Figure (2 - 10): Breach enlargement process, a) Stage 1, b) Stage 11, c) Stage 111
(Chang and Zhang, 2010)

The discharge through the breach in the model is calculated as:
Q, =17[b+(d,~h ) tan&](d, -h,)** (2-10)

Where b is the width of the breach bottom, d, is the water surface elevation
in the section of the weir (in the breach), h,is the height of the breach bottom,

@ is the angle between the breach side and the vertical. The averaged width of
breach of trapezoidal shape has been substituted into the broad-crested weir
with a rectangular control section and a unit value of discharge coefficient is
assumed. The historical cases of Tangjiashan Landslide Dam and Xiaogangjian
Landslide Dam have be simulated by the mode and the results show good
agreement with the observe values.
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2.4 Conclusions

A number of physical models have been built to simulate the breaching process,
which has provided a better understanding of the process and data for
calibration and validation of physically based mathematical models. It can be
found that most of these tests were conducted with mobile models which are
made of sand, clay or mixtures of them and only a few (e.g. Bukreev et al.
(2008)) were tested on fixed models. Both types of physical models have
advantages and disadvantages (see (Table 4-1)).

In view of the breach hydraulics, it can be concluded from above that in many
mathematical models the broad-crested weir equation has been applied to
calculate discharge through the breach. The discharge coefficient is either
assumed to have the unit value or not taken into consideration. In some cases
(e.g. BEED model), the situation of a flow both over the crest and through the
breach is considered. As for the evolution of the breach geometry, the
breaching is generally assumed to start from a small initial breach at the crest
to final shape experiencing the stages of steepening, deepening and widening.
The initial breach shape is usually assumed as trapezoidal or rectangular but
with the breaching process proceeding, trapezoidal breach is generally applied.
The process is of great uncertainty and complexity which involving aspects as
breach evolution, erosion and sediment transport. Depending on erodibility of
the foundation, further erosion will occur or not. For clay dam or dike, headcut
plays a significant role.

In conclusion, these models have been tested by either experiments or
historical breaching events which provide the confidence and reliability for the
models. Therefore, the process of breaching can be described by mathematical
equations with simplifications. However, the research based on the fixed
models needs more efforts by which the breach flow can be studied in detail for
particular stage of breaching process. The theoretical study for the weirs with
fixed shapes of breach can be done by reviewing the literatures on the weir
flow.
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CHAPTER 3. REVIEW OF LITERATURE ON
WEIR FLOW

3.1 Introduction

Experimental and field observations have indicated that flow over and through
the breach can be simulated by the hydraulics of broad-crested weir flow (Chow,
1986). As stated before, this principle has been widely used in breach models.
The literature related to weir flow particular for compound weirs is to be
reviewed in this chapter.

3.2 Basic Concepts in Open Channels

3.2.1 Specific Energy and Critical Depth
For steady frictionless flow, the equation of motion can be expressed (Bernoulli
equation):

2

2+ PV oy (3-1)
PY 29

in which H is the total energy head, zis the height above an arbitrary datum,
V is the mean velocity of fluid, gis gravitational acceleration, pis the pressure,

2
p is the water density. On the left-hand side of the equation, \2/— is the

velocity head representing the kinetic energy and P is the pressure head.
s

Figure (3-1) shows the definition sketch of horizontal channel flow.

Energy grade line /Vz/(2g)

_____ e
T Water surface

Channel bottom

Figure (3 - 1): Definition sketch of horizontal channel flow
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By assuming a uniform velocity distribution and hydrostatic pressure
distribution (e.g. p=,09(d +z -2)), Equation (3-1) can be rewritten as:

V?
+d+—=H 3-2
z, 29 (3-2)

in which z, is the height of channel bottom above an arbitrary datum and d
is the water depth. Define the bed as the datum, then z =0 and Equation
(3-2) is reduced to:
2
d+Y - (3-3)
29
in which E is the so called specific energy. Considering a rectangular cross
section with uniform velocity distribution, v =% is valid and Equation (3-3)
becomes:
2

In order to find out the extreme value, by differentiating Equation (3-4) with
respect to d, it yields:

2
3_5 =1 qd3 (3-5)
g
E is minimum when
2

By definition, the depth at which E is minimum is called the critical depth:

d, = F (3-7)
g

Rewrite Equation (3-7) and it gives:
q° =gd; (3-8)
or
Vi1

X —2y 3-9
=50 (3-9)

21



It indicates that the velocity head in critical flow is one-half of the critical depth.
Hence, if critical depth has been reached, the specific energy becomes:

E=dc+%dc (3-10)
or
2
d =—E 3-11
=2 (3-11)

It shows that the critical depth is equal to two-thirds of the specific energy. If
the flow over weir is critical, then the depth over the weir can be expressed as
a function of upstream energy head.

3.2.2 The Froude Number

The Froude number is a measurement of flow characteristics at a cross section
and useful in the calculation of hydraulic jumps and the design of hydraulic
structures. In scale models it is an important parameter in similarity between
model and real-world prototype (see section 4.1.3). The Froude number is
defined as:

Fr=_Y_ (3-12)

Jod

In which, V is the mean flow velocity and d is the flow depth. This equation
is defined by assuming uniform velocity distribution and it can be interpreted as
the ratio of the inertial forces to the gravitational forces in the flow. According
to Equations (3-9) and (3-12), when the flow is critical, the Froude number
Fr=1. The upper end of the wave remains stationary, and only the
downstream end travels in the downstream direction. If Fr <1, the flow is
subcritical and the gravitational forces are dominant. However, when Fr >1,
the flow becomes supercritical and the inertial forces play an important role.

3.2.3 The Reynolds Number
The ratio of viscous and inertial forces is defined as the Reynolds number:

Re:% (3-13)

In which, Lis the characteristic length and v is the kinematic viscosity of the
liquid. The Reynolds number can be used to determine if flow is laminar,
transient or turbulent. In open channel flow, at low Reynolds number
(Re<1000) laminar flow occurs, where viscous forces are dominant, and is
characterized by smooth, constant fluid motion; while at high Reynolds humber
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(Re>1000), the flow is turbulent and is dominated by inertial forces, which
tend to produce eddies, vortices and other flow instabilities.

3.2.4 Resistance
The total resistance in a straight bedform-dominated channel consists of three
sources of resistance: (Mark, 2009 and Mark et al., 2009)

(a). Grain friction: resulting from resistance to flow due to individual grains on
the river bed.

(b). Form drag: resulting from resistance to flow due to the pressure difference
and energy loss in the flow separation zone located downstream of the
bedform crest.

(c). Sidewall friction: resulting from resistance to flow due to sidewall.

Three most frequently used parameters describing resistance to flow are (Yen,
2001):

Chézy coefficient: C= NES (3-14)
Manning coefficient: 1\/£ R%3gV2 (3-15)
Darcy—Weisbach friction factor: f = 8gRS (3-16)
V2

in which, V is the mean flow velocity, g is the gravitational acceleration, is the
hydraulic radius of the flow (R= A/ y is the ratio between the cross sectional
area and the wet perimeter of the flow) and Sis the flow resistance slope.

3.3 Weirs and Weir Flows

3.3.1 Classifications

Weirs are generally divided into two types: sharp-crested weirs and
broad-crested weirs. More in detail, according to Govinda Rao and Muralidhar
(1963, see also Jain, 2001), four types of finite-crest-width weirs can be

identified based on the ratio of h,/L, (see Figure (3-2)):

(a). Long-crested weir: h,/L,<0.1

(b). Broad-crested weir: 0.1<h,/L,<0.35
(c). Narrow-crested weir: 0.35<h,/L, <15
(d). Sharp-crested weir: 1.5<h, /L,
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L -

(c). Narrow-crested weir (0.35 £ hg/Lw £ 1.5) (d). Sharp-crested weir (1.5 < hg/Lw)

Figure (3 - 2): Four types of finite-crest-width weirs

Azimi and Rajaratnam (2009) agreed with the classification of the four types
and described the distinction for all types. They defined the weir as
broad-crested when parallel flow exists over the weir crest (critical flow). If the
crest becomes even longer, long-crested weir is referred. Furthermore,
narrowed (short) -crested weir is featured as curvilinear flow existing over the
weir and the flow over sharp-crested weir separates from the upstream edge of
the crest and runs away without reattaching to the weir.

Based on the profile of weir, the finite-crested weirs could be rectangular and
trapezoidal. Generally, in case of broad-crested weirs, rectangular profile weirs
refer to the standard broad-crested weir and trapezoidal profile weir is called
embankment weir. Besides of that, some other types of weirs are also of great
interest to researchers such as triangular weir and (semi-) circular weir (Figure
(3-3)). The above classification is introduced by shape and dimension.
According to the relative position of the weir and flow direction, the weirs can
be placed obliquely to the flow (oblique weir, Figure (3-4)) and even on the side
of it (side weir, Figure (3-5)). This report focuses on the broad-crested weirs in
a rectangular channel with face perpendicular to the flow.

- VA

(a): Triangular weir (b): Semi-circular weir

Figure (3 - 3): TrHiangular weir and semi-circular weir
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(a)

(b)

Figure (3 - 4): Oblique weir: (a). Plan view; (b). Side view

Figure (3 - 5): Layout of side weir and channel

3.3.2 Perfect and Imperfect Weirs

The imperfect weir refers to the situation that the discharge is dependent on
the downstream water depth and if not, the weir is called perfect (Rijn, 1990).
In some publications, the former is also defined as submerged flow condition
and the latter is corresponding to free flow condition. For instance, when critical
flow occurs over the broad-crested weir, the flow transforms from subcritical to
supercritical, which means that the disturbances in downstream do not affect
the upstream and the weir is so called perfect. However, if the downstream
water depth rises to the level whereby the flow becomes subcritical, then it is
named imperfect. Hence, the weir is perfect or not depends on the weir flow
condition. Figure (3-6) shows the sketch of weirs in perfect and imperfect
situations. In the report of Van Leeuwen (2006), the difference between the
two situations is discussed regarding to flow over groynes. Note that in present
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report, emerged flow refers to the flow only through the breach and
overtopping flow refers to the flow through the full compound section. Both
flow conditions could be either perfect or imperfect.

Hydraulic jump

Weir

(a). Perfect weir situation

=

—

Weir

(b). Imperfect weir situation

Figure (3 - 6): Sketch of perfect and imperfect broad-crested weir

3.4 Flow over Broad-Crested Weirs

3.4.1 Introduction

Considerable amount of research has been done on the properties of flow over
broad-crested weirs. The main research objectives were to evaluate discharge
coefficient, energy loss and the effect of the various weir geometries under
different flow conditions. The significant difference between the perfect and
imperfect weir situations is the applicability of critical flow assumption

(d, :g E ) when deriving discharge formulae. The common analytical solutions

of discharge will be discussed in this section as well as the main characteristics
related to flow over broad-crested weirs.

Four types of flow over cylindrical-crested weir classified by Escande in 1939
(Fritz and Hager, 1998) has been applied to other types of weirs, such as
trapezoidal embankment weirs and circular-crested weirs. In fact, it applies
equally to all other overflow structures. The four flow types are (see Figure

(3-7)):

(a). Hydraulic jump: with a surface roller behind the weir.

(b). Plunging flow: with the main flow along the downstream weir slope and a
submerged roller behind the crest.

(c). Surface wave flow: with the main flow along the free surface and a bottom
recirculation zone.

(d). Surface jet flow: with a nearly horizontal surface.
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= z Submerged roller
— Surface roller W

Weir Weir

(a). Hydraulic jump (b). Plunging flow

= Undular jump 4&#—

—p- —
Bottom roller
Weir Weir

(c). Surface wave flow (d). Surface jet flow

Figure (3 - 7): Four types of flow depending on tailwater depth (after Nguyen, 2006)

The position of hydraulic jumps is dependent on the tailwater condition
(Chaudhry, 2008). For breach models, the position of hydraulic jumps also of
great interest to know (see section 7.4), which is important for predictions such
as energy dissipation, turbulence and scouring.

3.4.2 Discharge Equations

Perfect Weir Situation

By applying continuity equation and energy conservation between section 1
and 2 (See Figure (3-8)), the theoretical maximum discharge can be derived

with d; :gHoover the weir crest:

Figure (3 - 8): Definition sketch of flow over perfect broad-crested weir

2(2 V2
Q:E(ggj BH,** =1.7H,** (3-17)

But in reality, energy loss due to bed friction and weir geometry cannot be
neglected whereby the discharge coefficient is applied to account for these
effects. Then the equation reads as:

Q=17C,BH** (3-18)
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Bos (1985) proposed an empirical relation for to estimate the value of the
discharge coefficient broad-crested weirs and long-throated flumes of all
shapes and sizes. It is expressed as a function of H, /L, :

C, = o.93+o.1% (3-19)

It can be seen from the theoretical estimation that the discharge coefficient
linearly increases with the increase of the ratio of H,/L, as isshown in Figure

(3-9)

Bos (1985)
1.04 -
1.03 -
1.02 -
1.01 -

0.99 -
0.98 -
0.97 A
0.96 -
0.95 -
0.94 -
0.93

0 0.2 0.4 0.6 0.8 1 1.2 Ho/Luw

Figure (3 - 9): Discharge coefficient versus H, /L,

Fritz and Hager (1998) conducted research on the flow hydraulics of
embankment weir under the condition of free overflow. The weir they studied
was broad-crested and with weir slopes of 1V:2H.

Q=C,by2gH,’ (3-20)

in which, Q is the discharge, C,is the discharge coefficient, bis the width of
flow, g is the gravity acceleration, and H,is the upstream total head above
the crest.

Fritz and Hager (1998) also proposed an empirical formula for the discharge
coefficient as a function of relative crest length.

C, =0.43+0.06sin| 77 -0.55) | (3-21)
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where relative crest length e = m '10 . The relation in Equation (3-21) is
0

shown in Figure (3-10).

Cd ——— Fritz and Hager (1998)
0.39 -~

0.388 -
0.386 -
0.384 -
0.382 -
0.38 -
0.378 -
0.376 -
0.374 -
0.372 -

0.37 -

0.368 T T T T T T 1
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 €

Figure (3 - 10): Discharge coefficient versus relative crest length

The formulae (3-20) and (3-21) were also applied by Sargison et al. (2009)
whose measurements showed that the discharge coefficient was identical over
the range of flow rates tested for 1V:1H upstream slope with 1V:2H or vertical
downstream slope ,respectively and a lower value is generated for steep
upstream slope (1V:1H) than gentle upstream slope (1V:2H). The discharge
coefficient for a rectangular broad-crested weir was approximately 10 percent
less than this value over the range of relative crest lengthO< ¢ <1 due to flow
separation (Fritz and Hager (1998); Sargison and Percy (2009)).

Imperfect Weir Situation

The flow over the crest is not critical any longer in this case. One method is to
apply the Bernoulli-equation between section 0 and 1 (see Figure (3-11)):
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Figure (3 - 11): Definition sketch of flow over imperfect broad-crested weir

2 2
Ho =gy =2

=2 _—29hfb2 +h (3-22)

or

Q=bh,/2g(H,-h) (3-23)

For practical reasons, the equation is expressed as a function of h, :

Q=C,bh,\/29(H,-h,) (3-24)

The discharge coefficient is introduced to account for contraction effects and
energy losses due to expansion and bottom roughness. Van Rijn (1990)
indicated that the discharge coefficient varied from 0.9 for a rough weir with
sharp bottom transition to 1.3 for a smooth weir with rounded bottom transition.
However, discharge coefficient may be further decreased due to the tail water
effects if the flow over weir becomes subcritical. A reduction factor can be used
to account for the effects. Nikolov et a/. (1978) introduced the coefficient of
submergence C, into the discharge equation of broad-crested weirs (Equation

(3-20)) and it reads:

Q=C.C,b\/2gH? (3-25)

By equating the right-hand side of Equations (3-23) and (3-25) with the
conditions that if C_ = 1 (perfect weir condition), thenh, ZEHO' the coefficient

of submergence reads (Nikolov et a/,, 1978):

c.=26L 1—(iJ (3-26)
HO HO
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Based on the Equation (3-26), the coefficient of submergence C. is plotted
against the ratio of h /H,(see Figure (3-12)). As can be seen, the reduction
factor decreases with the increase of the ratio of h /H,.

Cs ——Nikolov et al (1978)
1.2 -

0.8 -

0.6 -

0 T T T T T 1 h.I/Ho
0.7 0.75 0.8 0.85 0.9 0.95 1

Figure (3 - 12): The coefficient of submergence versus the ratio of h [ H,

3.4.3 Energy Loss

In order to know the conveyance capacity of the downstream outflow, the
energy losses caused by a weir should be estimated to have a flooding
prediction. Since the energy loss caused by a weir in perfect weir situation is
difficult to interpret due to the complex phenomena (e.g. hydraulic jumps)
which contribute significantly to the total loss, this section will only focus on
imperfect weir situation and provide the analytical solutions and precious
investigations related to energy loss caused by weir.

Analytical Solutions

The weir-like structure can be considered as a sudden rise in the channel, thus
the flow over it can be considered as the rapidly varied flow. Phenomena as
hydraulic jumps, eddies, turbulence and flow separation may occur caused by
contractions and expansions of channel geometry, which would cause energy
loss. Theoretically, by applying the energy conservation over the distance from
the upstream of the weir (section 0) to the downstream (section 2), the total
loss can be estimated as (see Figure (3-11)):

2 2
A =d,+20 g - (3-27)

29 29
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It is of great interest to investigate and specify the contributors to the amount
of energy loss. According to the literature (Mark 2009; Ali and Uijttewaal 2009
& 2010), in the case of channel with obstacle (weir-like structure), the energy
loss mainly results from three sources:

(a).Form drag due to the local acceleration (contraction), deceleration
(expansion) and stagnancy of the flow.

(b). Grain friction due to bed and weir surface.

(c). Sidewall friction due to sidewall of channel.

Note that form resistance is usually larger than the grain and sidewall
resistance and the expansion accounts for the major part of form resistance
(Bloemberg, 2001, see also Nguyen, 2006). Generally, the energy loss induced
by a weir is considered by form resistance. There are two methods to estimate
the amount energy loss during the process.

(a). Form Drag Model

One way is to apply the expansion loss form drag model (Ali and Uijttewaal,
2009) based on 1-D momentum conservation equation to account for the
energy loss caused by the decelerating flow downstream of a sudden expansion.
The theory behind the model is assuming that energy is conserved in the
upstream of the weir and momentum is conserved in the downstream. By
applying the two conservation laws respectively (Figure (3-11)), the equations
are presented as below:

o _ g, ad

d, + 3-28
° 2gd? ' 2gd? (3-28)
2 2
Lo (d,+P)° e pB 21 gz p P (3-29)
2 d 2 d,

In which a, and a, are the energy coefficients in the upstream and
downstream, respectively. S and g, are the momentum coefficients in the

upstream and downstream, respectively. According to these two equations, the
relation of d,and d,can be derived, hence, the energy loss due to weir can be

expressed as a function of downstream water depth d,. The energy loss

caused by the other contributors, the bottom and the sidewall, can be
estimated by a set of equations as below:

LV?

AH_, =cC
bed — Cf gD

(3-30)
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AH,, =c, o (3-31)
_9

¢ = (3-32)

C :18Iog(1|f—dj (3-33)

where, Kk is the friction height, dis the water depth, c, is the friction

coefficient, C is the Chézy coefficient, L is the characteristic length, V is the
mean velocity, Dis the hydraulic diameter and W is the flume width. Based on
given equations, the energy loss caused by weir can be calculated. Ali and
Uijttewaal (2009 & 2010) carried out laboratory tests for flow over weirs with
and without vegetation at high water. By comparing with data collected from
experiments, the form drag model provided a good prediction of energy head
loss for subcritical flow.

(b). Carnot Equation

Another way to determine the energy loss due to form resistance is to use the
Borda-Carnot equation which is derived by applying the simplified
one-dimensional momentum and energy conservation equations over the
expansion region (Figure (3-11)). The equation reads (Van Rijn, 1990):

pr ={4=t) :“—f(l—ﬁj (3-34)
29 29( A

This is valid when Ah=h, —h << 2h,, if Ah is not negligible with respect to 2h,,
the above equation yields:

AH = (Ul_uz)2 + Zuz(ul_uz) (d1+P_dz)

29 29 (d, +P+d,) (3-35)

If the effect of the velocity profile is taken into account, the Carnot equation
becomes:

(181u1 - ﬁzuz)z
29

AH = (3-36)

33



Precious Investigations
Nguyen (2006) conducted experiments on the flow over a dike form weir and
concluded with respect to the energy loss:

(a). The head loss decreases with the increase of the downstream water head
for a constant discharge. In case of free overflow, the head loss increases
as much as the downstream water head decreases. In the situation of high
submergence, the weir can hardly cause any head loss.

(b). The higher discharge results in the bigger head loss with for a given
downstream water head.

3.4.4 Related Investigations

Weir Slopes

The slopes of weirs can be gentle, steep or even vertical. Also the combination
of upstream and downstream slopes can be various and has an influence on the
hydraulics of the weirs. Sargison and Percy (2009) investigated the influence by
varying the slopes of a broad-crested weir. They conducted experiments for
four combinations (see Figure (3-11)). On the basis of results from experiments,
they found that the upstream slope of the weir influenced the hydraulics of weir
the most. Increasing the upstream slope to the vertical decreased the
discharge coefficient, surface elevation and static pressure over the crest.
However, the downstream slope had a negligible effect. For vertical face,
leaping flow would occur, which prevents cavitations at high flow rates. In
another investigation, Fritz and Hager (1998) also found that the sloped
broad-crested weirs (1V:2H) has a larger flow capacity than those with vertical
faces.

Figure (3 - 13): Four tests in the research of Sargison and Percy (2009)
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Upstream Corner

Upstream corner of weirs can be round or sharp (Figure (3-14)). The significant
difference between the round and sharp corner is that the flow separation over
the crest is formed or not. For a sharp corner, the separation would occur and
hence, the discharge coefficient would be smaller than for a round corner
where the flow would smoothly flow over the crest without leaping.
Ramamurthy et a/. (1988) studied the two configurations and concluded that
the characteristics of flow over a broad-crested weir with a square-edged or a
round-nosed upstream corner depend on the ratios of H,/L,and R/P. It

was found that the effect of rounding the upstream corner of the square-edged
broad-crested weir is to increase the coefficient of discharge. In addition, based
on the degree of rounding of the upstream corner, three groups are indentified:

(a). Slightly rounded (0<R/P<0.094): the degree of rounding is small and it
does not affect the flow.

(b). Moderately rounded (0.094 < R/ P <0.25): it reduces flow separation and is
effective in increasing the discharge coefficient.

(c). Well-rounded ( 0.25<R/P<1): there is no flow separation and the
discharge coefficient reaches the highest value.

(b)

Figure (3 - 14): Upstream corner of weirs: (a) round corner; (b) sharp corner

Water Surface Profile
Sargison and Percy (2009) investigated the free-surface profile over four
configurations of broad-crested weirs. The found:
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(a). A reduction in surface height near the upstream corner of the crest.
(b). Horizontal streamlines over the weir crest.

(). A reduction in profile near the downstream end of the crest to follow the
downstream slope except for the vertical downstream face which exhibits
leaping flow.

(d). Flow that departs the toe of the weir with a low head and high velocity.

Velocity Distribution

Nguyen (2006) conducted experiments on flow over oblique weirs and
measured the distribution on the vertical of the horizontal velocity (see Figure
(3-15)). The velocity profile was considered as a combination of a flow in an
open channel (in the lower part) and a surface jet-flow (in the upper part). It
can also be seen that the surface velocity is very large over the slope and
gradually decreases along the downstream channel as well as the profiles
become logarithmic.
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Figure (3 - 15). Velocity profiles on the downstream of the weir (Nguyen, 2006)

3.5 Flow over Broad-crested Weirs with

Compound Cross-section

3.5.1 Introduction

As stated above, flow through the breach can be simulated by the hydraulics of
broad-crested weir flow. Hence, the background related to the flow over
compound broad-crested weirs is to be presented. The study of analytical
solutions will be cataloged by two flow situations (perfect and imperfect) and
each catalogue includes two types of cross-section geometry (rectangular and
trapezoidal).

In addition to the flow patterns shown in Figure (3-7), because of the fact that
the contraction and expansion will occur, some phenomena are expected. For
instance, eddies, flow separation and shock waves (Figure (3-16)). In the case
of channel with compound cross-section, the flow behavior and characteristics
including the velocity distribution, interactions and vortices are shown in Figure
(3-17).
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Figure (3 - 16). Definition sketch of flow through constriction: (a). Plan view; (b) Side view
(after Chow, 1986)
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Figure (3 - 17): Hydraulic parameters associated with overbank flow in a two-stage
channel (Shiono and Knight, 1991)
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3.5.2 Discharge Equation

The literatures about rectangular and trapezoidal control sections will be
reviewed in this section, including the emerged and overtopping flow conditions.
Both the perfect and imperfect weir situations are to be discussed.

Perfect Weir Situation

Rectangular Compound Cross-section

GOgus et al (2006) studied the flow over the broad-crested weirs with
rectangular compound cross-section. In their research, the discharge equations
were given by two flow situations namely emerged and overtopping situations
(see Figure (3-18)).
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Figure (3 - 18): Two different flow situations through weir section

(a). Emerged Situation (H,<1.5a,d.<a)

Emerged situation refers to the flow only passing through the breach. In the
study of Gogus et a/. (2006), the discharge equation obtained as a function of
upstream water depth is Equation (3-17), i.e.:

2. (2 \*
Q=c,20(2q] i (337

in which, bis the width of the lower weir crest, h, is the upstream water level
and H,is energy head above the lower weir crest.
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(b). Overtopping Situation (H, >1.5a,d. >a)
In this case, flow occurs through the compound cross section, the discharge

equation can be expressed as a function of upstream water depth (Goguis et al.,
2006):

12 32
—c (9 2y _ba_2a ]
Q—Cd(Bj {ba+B(3HO o Bﬂ (3-38)

in which, B is the total width of the compound weir section and a is the step
height of the weir. In this equation, the control section is considered as
combination of two rectangular sections over the weir crest and in the lower
part. Two critical depths as a function of upstream energy head are applied.

Based on Equations (3-37) and (3-38), Gogus et al. (2006) studied the effects
of width of the lower weir crest and step height of broad-crested weirs of
rectangular compound cross section on the values of the discharge coefficient.
GOgls et al. (2006) concluded that increasing the lower weir crest width results
in higher values of the discharge coefficient at a decreasing rate for a given
value of H, / L,,, particularly whenH, /L, <0.4. Besides, the step heights almost

had no influence on the discharge coefficient except for some cases within
certain conditions. Moreover, the values of the discharge coefficients are larger
for emerged cases than for the overtopping cases. The sketch of the model is
shown in Figure (3-19).

Figure (3 - 19): Definition sketch of models: (a). Plan view; (b). Side view
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Trapezoidal Compound Cross-section

(a). Emerged Condition

Bos (1985) studied the flow over broad-crested weirs with trapezoidal control
section (Figure (3-20)) and the discharge equation in emerged flow condition
was given as below:

Q=C, (bd,+md?)[2g(H,-d,)]" (3-39)

in which C,is the discharge coefficient, bis the width of the lower weir crest,
m is the side slope, d.is the critical depth and H,is energy head above the
lower weir crest.

Figure (3 - 20): Sketch of broad-crested weir with trapezoidal compound-section in
emerged condition

It should be noted that the superposition of the discharge equations of
rectangular and triangular control sections is not valid in the case of
broad-crested weir. According to Bos (1985), the combination would result in
strongly variable values of discharge coefficient due to the fact that the critical

water depths are different from each other (% H, for rectangular control section

and gHofor triangular control section). In addition, the mean flow velocities

through the rectangular and triangular portions are of significant difference.
However, if the flow is critical ( Fr =1), Equation (3-12) can be rewritten as:

C =_t—-_~¢c c (3_40)
29 2b  2b+4md,

in which A, is the flow area of critical flow and bis the depth averaged width.
2

Since for ideal fluid flow H, = H, :;—°+dc, it yields:
g
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_ 30d, +5md’

° " ob+4md (3-41)

which indicates that if b and mare known, the ratio EIC is a function of m
0

and % The values regarding to this relationship are shown in Appendix C,

Table (C-1).

(b). Overtopping Condition

For trapezoidal compound cross-section (Figure 3-21), the discharge equation
has not been found in the literature. But in BEED model (see section 2.3.3), it
shows that the discharge through the crest and in the breach is calculated
separately. In the present study, a linear combination of Equations (3-18) and
(3-39) is presented to describe the discharge equation for the trapezoidal
control section in overtopping condition. The combination yields:

Q = Cdc:l'chHOcy2 + Cdb (bd c+rmc2) I:Zg ( HOb - dc):l:l/2 (3_42)

where, C,. is the discharge coefficient over the crest, C, is the discharge
coefficient in the breach, H,_ is the energy head above the weir crest, H, is

the energy head above the breach bottom. The first part on the right hand of
the equation represents for the discharge over the crest and the second part for
the discharge through the breach. If the weir geometry and the upstream
energy head are known, then the discharge through the weir can be estimated
with proper discharge coefficients.

f
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¥

hy

Figure (3 - 21): Sketch of broad-crested weir with trapezoidal compound-section in
overtopping condition
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Imperfect Weir Situation

Depending on the flow conditions, the weir breaching could happen in
imperfect weir situations. Equation (3-24) can be applied in this case. But due
to the tail water effects and energy dissipations, small values of discharge
coefficient are expected in compound weir flow. Particularly in emerged
condition, the validation of the coefficient of submergence (Equation (3-26)) on
the discharge through breach needs to be evaluated.

3.5.3 Energy Loss

As in perfect weir situations the downstream has no influence on the upstream.
Therefore, it is more interesting to investigate the energy loss in imperfect flow
in which the downstream plays a role. The three sources for energy losses
discussed in section 3.4.3 are considered valid for the weirs with compound
cross-section. In this case, flow would experience the contraction and
expansion which can be interpreted as a conversion from potential to kinetic
energy followed immediately by a reconversion from kinetic to potential energy
(Chow, 1986). Unlike the weirs without breach or straight channel with
constant width that the contraction and expansion are only in vertical direction,
for the weirs with compound cross-section the contraction and expansion might
be both in vertical and horizontal. In addition, the Borda-Carnot equation in the
case of compound weirs requires the velocity information which is not easy to
be accurately collected. The form drag model needs to be modified in this case
as the flow width is not constant along the channel.

Analytical Solution

For the expansion loss form drag model, Equation (3-27) is still valid as the
width of channel is the same in the upstream and downstream. However, the
discharge per unite width in the channel is not uniform due to the compound
cross-section of the weir. In this case, the energy conservation in the upstream
and momentum balance in the downstream give:

a,Q’ _ 4+ a,Q*

+ = 3-43
o gmrd? - T agmi (3-43)

1 1

Epg(db+ho)2+pﬁ1§w=§pgd§+pﬁ2%uz (3-44)

in which d, is the water depth above the lower weir crest. In emerged
condition, the flow width in section of weir B, equals to the averaged width of

the breach b. In overtopping condition, B, equals to the total width of the

weir crest B. Therefore, according to Equations (3-27), (3-43) and (3-44), the
energy loss can be estimated according to the downstream water depthd,. The

form model for the weirs with a breach (the compound weirs) is to be examined
in the study.
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Previous Investigation
Bukreev et al. (2008) defined energy loss coefficient as:

:ﬁ 3_45
4 £ (3-45)

Bukreev et al. (2008) conducted experiments for the weirs with rectangular
compound cross-section in emerged condition and found that the energy loss
coefficient depends significantly on the initial tailwater depth and the smaller
this depth, the greater the energy loss. Also, the energy loss decreases with
increasing the submergence. By comparing with the loss at the entrance of the
breach, Bukreev et a/. (2008) also stated that the loss at the entrance of the
weir makes a significant contribution to the total loss.

3.5.4 Related Investigations

Upstream Water Depth and Discharge

Gogus et al. (2006) presented the upstream water depth-discharge relation for
the broad-crested weirs with rectangular compound cross-section as is shown
in Figure (3-22). Wahl et al. (2006) simulated the similar experiment with a
numerical model (Winflume) as shown in Figure (3-23). According to Gogls et
al. (2006) and Wahl et a/. (2006), it can be concluded that a break in the slope
of the rating curve would be expected due to the sudden change in the flow
area.
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Figure (3 - 22): Depth-discharge rating curves (Gogus et al. (2006))
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Figure (3 - 23): Water depth-discharge rating curves based on Winflume (Wahl/ et al.,
2006)

3.6 Conclusions

The previous investigations have provided the information for understanding
the behaviors and properties of breach flow. A large amount of researches
based on laboratory experiment have been done on flow over normal
broad-crested weirs. The flow characteristics for instance, discharge coefficient,
energy loss and velocity distribution have been studied. As for compound weirs,
some literatures regarding to the weir with rectangular section can be found.
Nevertheless, the experiments on broad-crested weirs with trapezoidal
compound cross-section are not complete compare to normal weirs. The
information of the effects of the control section (breach properties) on weir flow
is required. Also there is a question as to whether the linear combination
method can be applied to estimate the discharge for overtopping condition.
Besides, some other information which is useful for the study of breach flow
such as the energy loss caused by weir and overtopping discharge distribution
over the crest and the breach are still not clear. Therefore, these unknowns and
some other hydraulic characteristics of breach flow are necessary to be further
investigated by conducting laboratory experiment.
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CHAPTER 4. LABORATORY EXPERIMENT

4.1 Introduction

4.1.1 Types of Models

According to Chanson (2004), three types of models are commonly used in
hydraulics: analytical models, numerical models and physical models. Analytical
models are theoretical solutions of the fundamental principles within a
framework of basic assumptions, e.g. the discharge equations listed in Chapter
2. Numerical models are computer softwares which solve the basic fluid
mechanics equations, e.g. Delft3D to be used in the present study. A physical
model is a scaled representation of a hydraulic flow situation such as the
laboratory weir model.

4.1.2Interpretation of Laboratory Model

As stated in the literature review, a number of laboratory experiments were
carried out by researchers before, but most of them were tested over mobile
models were made of sand, clay and sand-clay mixtures which would be
breached by flows acting as a “real” breaching event. However, fixed model is
applied in the present study and some simple comparisons between fixed
model and mobile model are made below.

Table (4 - 1): Comparison between fixed models and mobile models

Point of view Fixed models Mobile models

Assumption  Idealized breach shape as More close to the real
assumed in the numerical breaching event, including
models. It corresponds to the whole dynamic process

different stages of breaching. ' during the breaching
Dynamic processes such as
erosion and sedimentation
are not taken into account.
Experiment  The shape and size to be Need well prepared and
preparation  build according to literatures  precisely design, such as
discharges, breaching time
and position, model
materials etc.
Experiment  As it is fixed, there is no time The breaching takes place
duration limitation fast and the duration is
short (hours)
Observation  Easy to observe and measure High requirement of
and under different flow equipments to collect data.
measurement conditions (emerged, Model is onetime and the
overtopped etc.). For every | flow conditions are limited
configuration, the test can be
repeated
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Research Bukreev et al. (2008) Fujita and Tamura (1987),
De Looff et al. (1997),
Andrews et al. (1999),
Coleman et al. (2002),
Mohamed et al. (2002),
Chinnarasri et al. (2003),
Zhu et al. (2006), Dupont et
al. (2007), Yan and Cao
(2008), Schmocker et al.
(2010)
Overview Help understand the flow Good understand of
properties in details at certain = dynamic process of
stage of breaching and with  breaching for models made
various flow conditions of different types of material

In conclusion, both types of models have advantages and disadvantages. Each
offers different information about breaching. With the data from a mobile
model, for particular stage, the breach can be shaped by a fixed model to
collect more detailed information. With the data of a fixed model, the behavior
of a mobile model under certain flow condition can also be predicted somehow.
Hence, the information from both can help modeling breaching processes.

4.1.3 Dimensional Analysis of Physical Model

Basic Parameters

It is important to know the parameters that may have a significant effect on the
results of an experiment. These basic parameters are useful for dimensional
analysis. They can be simply divided into three aspects: flow properties, flume
geometry and physical constants. The flow properties include discharge Q
(m*/s), water depth d (m), flow velocity Vv (m/s) and kinematic viscosity
v (m?/s). The geometry parameters are flume width W (m), weir height P
(m), weir crest length L, (m), weir crest width B,(m ), weir slope M (=), breach
side slope m (=), breach widthb (m), breach length |(m) and breach height
a(m). For physical constants, it consists of gravity acceleration g(m/s?) and

flow density p(kg/m?).

Scale Rules

When a prototype is difficult to set up, a scale model with reduced dimensions
is generally applied in hydraulic engineering. In order to keep the similarity
between the physical model and real-world prototype, scale rules are required.
Although geometrical dimensions can be changed, some properties, such as
gravity and material properties (density, viscosity etc.) cannot be scaled
(Schiereck, 2007).
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The scale parameter is defined as:

X
N, =—2 4-1
=X (4-1)

In which, N,is the scale of parameter X, X  and X, are its prototype

value and model value respectively. The widely used scales in hydraulics are
length scale and velocity scale:

Lp i
N, ——Lm (4-2)
Vp i
N, __Vm (4-3)

In modeling of hydraulic engineering, two scale rules are commonly performed,
namely Froude similitude and Reynolds similitude.

The Froude similitude requires:

Fr, =Fr (4-4)

P m

or

VD - Vm
JOL, VoL,

(4-3)

If the gravity acceleration in both prototype and model is the same, then

Ny === F= N (4-6)

It implies that the velocity scale is determined by the square root of the length
scale and velocity in prototype is larger than that in scale model.

The Reynolds similitude holds:

Re, =Re, (4-7)
or
V. L
PP :VmLm (4_8)
v v



By applying Equation (4-6), the scale of kinematic viscosity gives:

pd
11
<|<
©
I

N> (4-9)

m

It indicates that the kinematic viscosity is larger in a model than in prototype if
N, >1. In reality, condition (4-9) is quite difficult to be met.

Generally speaking, only the most dominant mechanism needs to be modeled.
In free-surface flows (e.g. flows with free surface), gravity plays a dominant
role. In this case, a Froude similitude is usually applied. In fully enclosed flows
(e.g. pipe flows), viscosity effects on the solid boundaries are important. Hence,
the Reynolds similitude can be used. (Chanson, 2004)

In present study, the research domain belongs to the free-surface flows, and
then the Froude similitude is to be in use. However, the requirements of both
Froude similitude and Reynolds similitude cannot be satisfied at the same time,
which results in an application of Froude similitude with Reynolds number
different in the physical model and prototype. In the case, gravity dominants
over viscosity and the Froude similitude yields:

Re
Ng, = —= =N (4-10)
Re,

Therefore, Reynolds number becomes much smaller in the model than in
prototype. According to Chanson (2004), scale effects would arise due to the
distortions caused by e.g. viscosity, whereas the effects are often small. In the
case of flow over weirs, the flow above the crest can be treated as an ideal flow
since the effects of resistance and viscosity are small.

4.2 Experiment Set-up

The dam break is modeled by a weir with a fixed profile and lateral contraction
in a laboratory flume. The experiment is expected to fulfill the objective of
getting insight into the characteristics and behaviors of breach flow over
broad-crested weir with breach of various geometries. In order to achieve this,
some tests were conducted by varying the breach geometry. The experiment
was carried out in the Fluid Mechanics Laboratory of Delft University of
Technology.

48



4.2.1 Layout of Flume

The experiment was carried out in a horizontal flume with a width of 2 m, a
height of 0.2 m and a length of 19.2 m. The bottom is stick by gravels with
diameter of 0.005 to 0.006 m. The flume is wide enough to minimize the effect
of the side walls on the interacted area and turbulence induced by the entrance
of the inlet. The sketch of layout is shown in Figure (4-1) and a picture of flume
is shown in Figure (4-2).

Outlet Inlet
Laser Laser
- 5000 f 3000 n
Tail gate 2000 Weir model -~
19200 6700

Figure (4 - 1): Sketch of flume layout (in mm)

Figure (4 - 2): Picture of flume layout

4.2.2 Weir Design
The weir model is built with a crest length L,= 180 mm, a height P = 130

mm and a slope of 1V:3H in both upstream and downstream with the breach
located in the middle of the weir crest (see Figure (4-3) and (4-4)).

Figure (4 - 3): Side view of designed weilr
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Figure (4 - 4): Control section of designed weir

The weir control sections were designed to test the effect of breach properties
on the breach flow. In combination with the breaching process presented in
Chapter 2, five cases with different control sections are to be tested Figure
(4-5). By keeping some breach parameters constant, the effect of the specific
stage can be evaluated. The detailed explanations are presented in Table (4-2).
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Figure (4 - 5): Control sections for 5 cases (in mm)
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Table (4 - 2): Breaching stages to be tested

Stages Constant Parameters Tested Cases
Top width widening Breach height and bottom width 1,2,3
Breach deepening Top and bottom width 3,4
Widening and deepening Breach slope 2,5
Bottom width widening | Breach height, top width 4,5

The changes of breach size are illustrated in Table (4-3). Cases 1 and 2 are
considered as the initial breaches as described in the mathematical models.
Cases 3 and 4 represent the enlargement of the breach during breaching and
case 5 represents the final shape of breach in the study.

Table (4 - 3): Changes of breach geometry

Cases Relative Changes Increased Area
1-2 Top width: (420-240)/240=0.75  37.5 %
2—3 Top width: (720-420)/420=0.71  45.5 %
3—4 Breach height: (80-60)/60=0.33  33.3 %
4—5 Bottom width: (480-240)/240=1 25 %

4.3 Instrumentation

4.3.1 Point Gauges

A point gauge is used to measure the vertical distance between two single
points in the flume. The device consists of a solid probe with a vernier
measuring the elevation of desired points (Figure (4-6)). Generally, the water
depth can be calculated by measuring the elevation of the surface and the
bottom at one point. The difference between two values is the water depth. It is
usually mounted at a beam above the water surface and moveable along the
beam. The device is quite handy without complicated electronic instruments,
hence, widely used in laboratory experiments.

Figure (4 - 6): Point Gauge
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4.3.2 Prosonic Flow Meter

The Prosonic Flow Meter consists of a transmitter and measuring sensors
(Figure (4-7)). The transmitter is used to actuate the measuring sensors and
the measuring sensors work bidirectionally as sound transmitters and sound
receivers. Since there is transit time difference between the two sensors, the
transit time difference is proportional to the flow velocity. Hence, based on this
principle, the discharge through the pipe can be calculated for a particular
cross-sectional area and then the data can be directly read from the transmitter.

i i
Figure (4 - 7): Prosonic Flow Meter: transmitter (left) and measuring sensors (right)

4.3.3 ADV — Acoustic Doppler Velocimeter

Acoustic Doppler Velocimeter (Vectrino) measures the flow velocity using the
Doppler Effect. Ultra sound pulses are transmitted from the center transducer,
and the four receivers sense the flections from particles that move along with
the flow. The sampling volume of the Vectrino is place at 5 cm in front of the
center transducer. The magnitude of instantaneous velocity can be presented
via a computer and the data can be storaged within the recording time. In some
cases, the signals are not good enough due to the turbulence and air bubbles
around the probe; increasing the size of the sampling volume or adding china
clay into the flow help to obtain reliable data. Usually, data is considered to be
good when the correlation has at least 80% confidence. The system of ADV is
shown in Figures (4-8) and (4-9).
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Figure ‘(4 - 8): Acoustic Doppler Velocimeter (Vectrino)

Untitled:1 - Yectrina
Filk Communication  Tata collection Fiber  View  Upgrade  Help

wQoE L@

WVelocily [emds) 4560 | 215 1';:- 000 Thne: 150641
5 Dev. fomis): E 1] Shatuy: [i[3
Amphitude [countsk i | 1 | 2 Temo ['CH 19.30 |
SNA [dB} Diat fom 6.6

Far Help, press FL ding b O [l Connacted [Coms - 19200 2

Figure (4 - 9): Screen view of ADV computer program

Two kinds of probes are available. One is downlooking and the other is
sidelooking (see Figure (4-10)). In the present experiment, sidelooking probe is
applied. When all four beams are covered with water (around 3-4 cm) all three
velocity components can be collected. For shallow water, with the two lower
horizontal receivers the velocity components, stream velocity and transverse
velocity, can be obtained, which offers a way to collect 2D-data with only the
lower receiver arms submerged.
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Figure (4 - 10): Downlooking probe (left) and sidelooking probe (right)

4.3.4 Laser Distance Meter

The system of Laser Distance Meter mainly consists of three elements: beamer,
floating plate and computer program. Particularly, the water level difference
between two cross-sections can be calculated. The principle is that horizontal
reference level needs to be set first and the distance between the water level
and reference level can be calibrated via the reflection of the floating plate.
Since the floating plate rises and falls with the instantaneous water level, by
assuming the longitudinal distance is much larger than the width of
cross-section, the reference based distance measured can represent the
cross-section. Hence, the water level distance between two cross-sections can
be calculated by the laser of each via the aid of the computer. This instrument
provides an accurate and efficient way to calculate water level difference.
(Figure (4-11))
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Figure (4 - 11): Laser Distance Meter (up) and computer program (down)

4.4 Measurements Elaboration

4.4.1 Head Measurement

The energy head consists of water depth and the velocity head. The water
depth is preferred to be measured by the Laser Distance Meter with the
advantages of high accuracy and efficiency. The velocity head difference can be
calculated with the averaged velocity which equals to the discharge divided the
flow area. By considering the influence of the weir model to the flow, the total
energy head is measured by laser distance meter at about 3 meters in front of
the weir. In order to obtain the relation of the upstream water depth and the
discharges for different cases, a range of discharges from 3 I/s to 60 |/s were
set by the valve in the inflow pipe and the tail gate was controlled low enough
to get the perfect weir situation. The collected data can be found in Tables (5-1)
and (5-3).

4.4.2 Energy Loss Measurement

In the experiment, the measurement reference level was set to the level of the
flume bottom and two measurement sections were selected to calculate the
energy head loss: one at about 3 meters in front of the weir and another is
placed at 5 meters in the downstream of the weir. For given discharges, the
head loss was measured by gradually raising the tail gate from low level (almost
horizontal) to such a high level that the weir model was totally submerged (8 to
10 different heights). For given tail heights (3 to 4 different heights), a range of
discharges (3 I/s to 60 I/s) was applied. Hence both the situations that perfect
and imperfect weirs and overtopping and emerged were all included. The
measurement was taken when the signal shown in computer was stable. In
some cases, especially downstream of weir, fluctuations would occur, and then
the data was collected by taking the average. The collected data can be found
in Appendix B, Tables (B-1) and (B-2).
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4.4.3 Discharge Coefficient

The investigation into the discharge coefficient is focused on the perfect weir
situation. According to the theoretical analysis, the discharge for a compound
cross-section can be expressed as a function of the upstream water depth for
perfect weir situation. The upstream head, as stated before, was measured by
the Laser Distance Meter at 3 meters upstream of the weir and the discharge
could be read directly from the Prosonic Flow Meter.

4.4.4 Velocity Profile

Velocity profile was measured with the aid of the ADV (Vectrino), since it is
interesting to find out the velocity profile in the breach in both transverse and
vertical directions, which is not applicable in shallow water. Therefore, the
measurement was only taken in relatively large discharge flow condition (e.g.
50 I/s in case 5).0ver the crest, the flow velocity was measured only in one
point in the vertical, assuming it was the depth averaged velocity. This was
done since the water depth on the crest was very small. Special attention was
given to assume that the two lower receivers of the Vectrino were submerged
in the water. All the data had at least 80 % correlation confidence and even
many 90% level. Besides, these were despiked by a matlab file to remove the
unrealistic peak values. The collected data of measured velocities can be found
in Appendix B, Table (B-3).

4.4.5 Discharge Distribution

In order to investigate the discharge distribution in the breach and over the
crest, the flow velocity (ADV) and water depth (point gauge) were measured
over the crest. Therefore, the discharge passing over the crest can be
calculated by the product of them. As the total discharge can be calibrated from
the Prosonic Flow Meter, the discharge through the breach was obtained by
subtracting the amount of discharge through the crest. The reason for this is
the fact that the flow over the crest is more uniform and streamlined, which
could provide good velocity signals collected by the lower receivers of Vectrino.
However, the flow in the breach was more complicated, with turbulence and
bubbles etc., and usually the sampling signals around the border were weak. In
other words, the discharge measurement over the crest is more accurate than
that in the breach.
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4.5 Accuracy Analysis

4.5.1 Discharge

The discharge flowing into the flume was measured by the Prosonic Flow Meter.
The measured error of reading can be estimated (Appendix C, Figure (C-1)). As
can be seen, the basic accuracy of the measuring system is 0.5%. With
decreasing the flow rate, the accuracy decreases. In the present experiment, a
range of discharges was specified. The largest error occurs at the lowest
discharge (Q = 3 1/s) around 4 %. As for the highest flow rate (Q = 60 I/s),

the error is approximated as 0.7 %. Due to the turbulence of flow in the pipe,
there is a small fluctuation of reading around the desired value. Another factor
influencing the measurement was the air in the pipe of incoming flow which can
be reduced by flushing the pipe with a large discharge before doing the
experiment.

4.5.2 Velocity

Velocity signal was collected via the ADV. The accuracy might be decreased
when there were strong turbulences and air bubbles around the receivers. This
could happen in the breach. It could be improved by adjusting the settings and
adding the clay particles to the flume. In the study, most of the data was
collected having over 80% correlation. For some cases, e.g. in the breach,
some signals were within the 70% - 80% correlation. However, over the crest
where the flow is stable and streamlined, signals with around 90% correlation
could be obtained. In addition, matlab scripts were used to despite the
unrealistic peak values in case it occurs.

4.5.3 Water Depth

The water depth was measured over the weir with the point gauge which has
an accuracy of 0.1 mm. In the breach where turbulence and vortexes were
generated, the accuracy could decrease due to the fluctuations of water level,
but it was considered to be acceptable for just having qualitative description of
the water level in the breach. The water depth measured by Laser Distance
Meter in the upstream and downstream is with a measured error of + 0.4 mm.
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CHAPTER 5. ANALYSES OF RESULTS ON
BREACHING DISCHARGE

5.1 Discharge Coefficient

The discharge coefficient is an important parameter for predicting the
breaching discharge. In this section, the perfect weir situation is considered
and both the emerged and overtopping conditions will be discussed. In order to
have a clear impression, the breach geometries for the five cases are shown in
Figure (5-1).

Figure (5 - 1): The design of weir geometries

5.1.1 Emerged Condition

Perfect Weir Situation

In the emerged condition (Figure (5-2)), the flow passes through the breach
only. A contraction can be expected to occur due to the reduced width of the
flow section.

Figure (5 - 2): Weir sketch in emerged condition

By applying Equation (3-39) for all the cases including the weir with rectangular
control section (m= 0), the discharge coefficient versus total energy head
including error bars is plotted in Figure (5-3) and the corresponding data is
shown in Table (5-1). By comparison, the conclusions are made as below:

(a). The discharge coefficients for the five cases are between 0.77 and 0.87. By
increasing the upstream energy head (discharge), the values for each case
are more or less constant. If increasing the discharge, the effects of the
friction are reduced and the difference among the cases becomes less

according to the trend.
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(b).As can be seen, the discharge coefficients in cases 1 and 2 are smaller
compared to the other cases. The cause of this phenomenon is the stronger
contraction in these two cases which have smaller top widths.

(c). Although the cases 3, 4, and 5 which have the same top width are slightly
different in the values of discharge coefficient, it still can be seen that the
discharge coefficient increases during the processes of breach deepening
and bottom widening. The combine effect of widening and deepening with
constant breach slope is illustrated in cases 2 and 5. Figure (5-3) shows
that the discharge coefficient is significantly increased due to the combined
effect.

Cd ®casel
1.2 - B case 2
1.1 - case 3

1 A X case 4
0.9 A - . case5
0.8 - I 8 e . }X £ .

0.7 -

0.6 -

0.5 -

0.4 -

0.3 -

0.2 -

0.1 -
0 T | | | | T 1 Eo
0.07 0.08 0.09 0.1 0.11 0.12 0.13 0.14 (m)

Figure (5 - 3): Discharge coefficient versus total energy head

Table (5 - 1): Data collected in emerged condiition (perfect weir situation)

Case 1 go%j}j 11?.9 113.9 122.2

Case 2 go%j}j 102.4 122.2 12673.5

Case 3 go%j}j 10?.9 112.9 122.7

Case 4 go (J(;Z 92?1 102.4 11130.4 11192.9 12164.2
Case ga (J(ZZ 805.6 9s19?4 1114§5 12270.6
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Particularly for rectangular control section, previous investigations (Bos, 1985
and Fritz and Hager, 1998) on the discharge coefficient can be used for
comparison. The results of the present experiment in case 1 and predictions by
Equations (3-19) and (3-21) are shown in Figure (5-4). It can be seen that the
predictions are 12% - 18% higher than the discharge coefficients for case 1.
Two main reasons may lead to the overestimations. First, the lateral contraction
generating flow separation and curvature might reduce the discharge
coefficient whereas the empirical formulas were proposed based on weirs
without contraction in lateral. Second, the weir in case 1 belongs to long
broad-crested weirs in which surface undulations may occur (Hager and
Schwalt, 1992) and the discharge capacity is quite low that the friction might
play a role.

Cd ¢ casel
1.2 - Bos (1985)
Fritz and Hager (1998)

1.1

1 -

0.9 -
0.8 *
0.7 -
0.6 -
0.5 -
0.4 -
0.3 -
0.2 4

0.1 4

0 T T T T T 1
0 0.02 0.04 0.06 0.08 0.1 0.12

Ho/L
Figure (5 - 4): Comparison on discharge coefficient for rectangular control section

Imperfect Weir Situation

Based on the results in perfect weir situation, the coefficient of submergence is
calculated for all cases in imperfect situation. For practical reasons, the
downstream water depth is applied in Equation (3-26) instead of water depth in
the breach. The comparison is made in Figure (5-5). As is shown, the calculated
values based on laboratory measurement fit well with the theoretical
predictions of Nikolov et al. (1978), especially at high ratio of h,/H,. It also

can be concluded that for highly submerged flow, the reduction of discharge
coefficient is large.
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Figure (5 - 5): Comparison of calculation and prediction by Nikolov et al. (1978)

Table (5 - 2) Data collected in emerged condition (imperfect weir situation)

§ (1/s) 3 4
Case 1 |dy (mm) | 121.8 126.8
dy (mm) 116. 2 118.6
Q (1/s) 3 5
Case 2 | do (mm) | 115.9 125
d, (mm) 110.9 114. 4
§ (1/s) 3 5 8
Case 3 | do (mm) | 109.4 116.7 127.5
dy (mm) 106 110. 4 113.2
g (1/s) 5 8 10 12
Case 4 | dv (mm) 106. 6 113 118.5 124. 7
d, (mm) 102. 5 105. 4 107. 4 107. 9
Q (1/s) B 10 15
Case 5 | dv (mm) 104. 8 113.8 124. 4
d, (mm) 103. 1 107. 7 113.3

5.1.2 Overtopping Condition

Perfect Weir Situation

In this condition, the flow passes through the whole width of the weir. An
interaction between the flow over the crest and the flow through breach would
occur. As the discharge equation for the compound weirs with trapezoidal
breach in overtopping condition has not been found in the literature, the
discharges over the crest and through the breach will be studied separately. As
is shown in Figure (5-6), the flow section is divided into three parts, the
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discharge through the breach Q,, and the discharges over the crest Q, and
Q, which should be identical in theory. The observations during the present

experiment show that the flow over the crest is thin and streamlined except
close to the breach where transverse flow occurs. However, the flow in the
breach is of great turbulence and with a lower water level compared to the flow
over the crest.

Ql QZ

Figure (5 - 6): Weir sketch in overtopping condition

Discharge over the Crest

The discharge over the crest is measured by collecting the velocity signals and
corresponding water depths. By neglecting the interaction between the weir
crest and breach, the broad-crested weir equation for rectangular cross-section,
Equation (3-18), is applied over the weir crest. The discharge coefficient is
plotted against total energy head as is shown in Figure (5-7). Based on it some
findings are:

(a). The values for all cases vary from 0.79 to 0.98. It can be clearly seen that
the discharge coefficients of cases 1, 2 and 5 which have relatively low
values increase gradually with the increase of energy head. For cases 3 and
4, the values do not change too much. As a result, the differences caused
by the five weir geometries are evident in the range of low upstream
energy head and become less by increasing the energy head. So it can be
concluded that with the increase of the upstream head, the discharge
coefficients approach to the same value and the effect of the breach is
reduced.

(b).Besides of including the friction loss and contraction, the streamline
curvatures due to contraction and interaction between the crest and breach
are also taken into account in the discharge coefficient over the crest. As
can be seen, case 1 (rectangular breach) and case 5 (largest breach size)
have relatively low values. This is due to the fact that the case 1 owns sharp
change in breach geometry which may lead to flow separations and
turbulence, and case 5 generates strong curvature over the crest.
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Figure (5 - 7): Discharge coefficient versus total energy head (over weir crest)

Discharge through the Breach

The discharge through the breach can be obtained by subtracting the amount
of discharge over the crest from the total discharge. As for the discharge
coefficient, the Equation (3-39) is used and the discharge coefficient is plotted
against the total energy head in Figure (5-8). It can be concluded that:

(a). The discharge equation for a trapezoidal control section can predict the
discharge through the breach rather accurately as the values vary closely
around the unit value. According to Figure (5-8), the top width widening of
breach reduces the discharge coefficient and in contrast, the breach
deepening may result in higher values that come close to the unit.

(b). According to the trend, it can be predicted that the discharge coefficients
would be similar for all cases at large flow stages, which is reasonable
because the influence of the breach is reduced by increasing the discharge.
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Figure (5 - 8): Discharge coefficient versus total energy head (through the breach)

By considering the flow section as a whole, the linear combination method is
applied to express the discharge in overtopping condition. By neglecting the
interaction between the flow over weir crest and the flow through the breach,
the two equations applied over the crest and in the breach are combined
linearly. Finally, including the discharge coefficient, the discharge equation in
overtopping condition yields:

Q=Cq [:I--7H0c3/2 +(bd c+mc2)|:29 ( Hop _dc)]]ﬁ} (5-1)

in which C_, stands for the discharge coefficient in the case of overtopping. The

discharge coefficient versus total energy head is plotted in Figure (5-9). It can
be concluded that:

(a). The overall trend for all cases is that C, gradually approaching the unit

value with the increasing upstream head. Compared with the emerged
condition, the values are more close to 1 as the effect of the breach is
reduced.

(b). By comparing the cases 1, 2, and 3, it can be stated that the effect of the
top width widening is small and the rectangular breach leads to a slightly
lower discharge coefficient than trapezoidal shapes of breach.

(c). The discharge coefficients increase significantly in case 4 compared with
case 3, which indicates the process of deepening would have higher values
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of the discharge coefficient.

(d). Based on the results from cases 4 and 5, the values decrease obviously in
the process of breach bottom widening.

Cq ¢casel
1.2 - H case 2
1.1 - case 3

1 - X case 4
0.9 - : % e z .:-,x(,!:;b £ o oA case 5
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0.5 -

0.4 -
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0.2 -

0.1 -
0 | T | | T | Eo
0.12 0.13 0.14 0.15 0.16 0.17 0.18 (m)

Figure (5 - 9): Discharge coefficient versus total energy head in overtopping flow condition

Table (5 - 3): Data collected in overtopping condition (perfect weir situation)

Case 1 12 (1/s) 10 15 20 25 30 35
do (mm) | 139.1 146.5 152.8 158. 1 163. 4 167.9
Case 9 -2 (1/s) 10 15 20 25 30 35 40
do (mm) | 136.4 143.8 149.8 155. 4 160. 4 165 169. 3
Case 3 -2 (1/s) 10 15 20 25 30 35 40 45
do (mm) | 131.1 139 145.2 151 155.9 160. 6 164. 9 168. 9
Case 4 -2 (1/s) 17 20 25 30 35 40 45 50
do _(mm) 132 136 141.9 147.3 152. 1 157 160. 7 164. 9
Case 5 -2 (1/s) 25 30 35 40 45 50 55 60
do (mm) | 135.8 141.5 147 151.9 156.7 160. 8 165. 9 169. 1
Overview

As the discharge equations for emerged and overtopping flows are both derived
from the continuity equation and the energy conservation equation, the
corresponding discharge coefficients based on them are comparable. In Figure
(5-10) the transition of discharge coefficients from emerged condition to
overtopping condition regarding to the upstream energy head is shown. The
following conclusions can be made:
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(a).

(b).

The discharge coefficients are all below 1 and increase with the increase of
the upstream energy head. In emerged flow, the bottom friction plays an
important role and the discharge coefficient is relatively low. After
overtopping, the discharge coefficients are more close to each other. The
values for emerged flow are more scattered due to the complex
three-dimensional characteristics of the flow there. However, the influence
of the breach is reduced for overtopping condition.

For the same case, the effects caused by breach are different in the
emerged condition and overtopping condition. For instance, the discharge
coefficient for case 5 is highest in emerged flow and lowest in overtopping
flow, in addition, the difference is the smallest in the two flow conditions
compared to others. This is caused by the fact that the large size of breach
is dominant to breach flow. Therefore, it is reasonable to see that the
values for the small-sized trapezoidal shape of breach, e.g. case 2, are of
great difference under the two flow conditions.

Cd ®casel
1.2 5 B case 2
1.1 1 case 3
1 y X case 4
0.9 1 « ?(vx-ox,igﬁsr ke case 5
0.8 - x S I T
[
0.7 -
0.6 -
0.5 -
0.4 -
0.3 -
0.2 -
0.1 -
0 ' ' " weir crest ' ' ' Eo
0.06 0.08 0.1 0.12 0.14 0.16 0.18 (m)

Figure (5 - 10): The overview of discharge coefficient from emerged condition to
overtopping condition
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5.2 Discharge Distribution

Particularly in the overtopping condition, it is of great interest to investigate
how much water passes through the breach or over the crest. This is important
to simulate the breaching process and to estimate the discharge contributing to
the breaching. In the present study, each case is tested by three discharges.
The total discharge is measured by the Prosonic Flow Meter and the discharge
over the crest is measured with the aid of the Vectrino and the point gauge.
Again, the discharge through the breach can be obtained by subtracting the
discharge over the crest from the total discharge. The laboratory results are
shown in Figure (5-11) and the theoretical predictions have been made with
Equations (3-39) and (3-42) by applying the unit value for the discharge
coefficients.

According to Figure (5-11), the analytical predictions for cases 1 and 5 slightly
underestimate the experimental data and overestimate for case 3 at low
discharges. As for the other cases, the theory and experimental results fit well.
Overall, it can be concluded that the laboratory results for the five cases are in
good agreement with the theoretical predictions. Based on the results of the
theory and the experiment, it can be found that the breach conveys less
compared to the total discharge with the increase of discharge for each case. It
is quite logic that for the discharges the effect of the breach is reduced and at
same discharge, the larger the breach size is, the more water flows through the
breach.

Qb/Q
1 { Theory (case 1)
Theory (case 2)
0.9 -
Theory (case 3)
0.8 - X
X » Theory (case 4)
0.7 - P X Theory (case 5)
X
06 | \ ¢ Experiment (case 1)
®  Experiment (case 2)
0.5 - ¢ = .
. - Experiment (case 3)
0.4 - ® X Experiment (case 4)
03 - X Experiment (case 5)
0.2 -
0.1 -
O T T T T 1 2
0 0.02 0.04 0.06 0.08 0.1 (m /S)

Figure (5 - 11): Comparison of theory predictions and laboratory measurements on
discharge distribution
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During the experiment, it can be found that the flow through the breach would
become subcritical first and then the flow over the crest if gradually raising the
tail gate from the low level. Hence, there is a situation that subcritical flow
through the breach and critical flow over the crest at the same time. The
discharge distribution in the situation is illustrated in Figure (5-12). Due to the
small size for first two cases, the appearance the situation is not clear. So the
results for last three cases are plotted. As can be seen that the difference on
the discharge distribution is small between the perfect weir situation and the
imperfect weir situation in cases 3 and 4, which indicates the influence of flow
situations for these two cases is small to the discharge distribution. But in case
5 which owns larger size of breach, the difference is evident. Therefore, it can
come to the conclusion that the discharge distribution is dependable on the
downstream water depth in the case of relatively large breach in the situation
of subcritical flow through the breach and critical flow over the crest.

Qb/Q —A— perfect weir situatioin (case 3)
—a—imperfect weir situation (case 3)
0.85 - perfect weir situation (case 4)
—>«—imperfect weir situatoin (case 4)
perfect weir situation (case 5)
08 4 imperfect weir situatoin (case 5)
0.75 -
0.7 -
0.65 -
0.6 . . . . . . Q
0.01 0.02 0.03 0.04 0.05 0.06 007 (m3/s)

Figure (5 - 12): Discharge distribution in the case of subcritical flow through the breach
and critical flow over the crest
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CHAPTER 6. ANALYSES OF RESULTS ON
ENERGY HEAD LOSS

6.1 Energy Head Loss and Upstream Flow

Conditions

In an imperfect weir situation, the upstream flow conditions have a significant
influence on energy head loss for given downstream water levels. According to
the energy conservation in the upstream and momentum balance in the
downstream, it can be found that the energy loss can be expressed as a
function of the downstream water depth in imperfect weir situations. By
applying a high tail gate for each case and gradually increasing the upstream
discharge, the energy head loss against the upstream discharge is shown in
Figure (6-1).

It can be seen from Figure (6-1) that the energy head loss increases with the
increase of the discharge which is the same case for the flow over weirs in
general. But in present study, there is an obvious break in slope for each curve.
It is caused by the sudden change of flow control section when the flow starts
overtopping. According to the curves, the slope break occurs one after the
other from cases 1 to 5, which depends on the size of the breach. It is also
worth mentioning that the energy loss increases with the increase of the
discharge but at different rates before and after the overtopping. In emerged
condition, the curve rate tends to decrease from cases 1 to 5. However, the rate
drops significantly after overtopping and the curves seem to be parallel to each
other. Therefore, one can draw the conclusion that the energy dissipation rate
decreases during the enlargement of the breach in emerged condition and
comes to the same constant value after overtopping for all the cases.

Energy loss

(mm) —o—case 1

35 4 —@—case 2

30 - case 3
—>—case 4

25 case 5

20 -~

15 - //‘

10 -

5 -

O T T T T T 1 .
Discharge

0 10 20 30 40 50 60 (|/S)

Figure (6 - 1): Energy head loss versus upstream discharge at given tail heights
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As stated before, the energy head loss can be expressed as a function of the
downstream water depth in highly submerged condition. In Figure (6-2) the
relation between them is presented. Still, there is a break in the slope on each
curve. In both the emerged and overtopping conditions, case 2 may have more
energy loss than case 1 at the same downstream water depth, which indicates
that the top widening from the rectangular to trapezoidal breach results in a
higher loss. This also applies to cases 2, 3 and 4. Therefore, the processes of
top widening and deepening of the breach have more energy dissipation.
Nevertheless, at the same downstream flow condition, the energy loss drops
less in case 5 after widening the breach bottom compared to case 4.

Energy loss
(mm) —o—case 1
35 —=—case 2
30 - case 3
—>¢—case 4
25 case 5
20 -
15 -
10 -
5 4
0 . r . . . . Downstream
100 110 120 130 140 150 1eowater depth
(mm)

Figure (6 - 2): Energy head loss versus downstream water depth

6.2 Energy Head Loss and Downstream Flow

Conditions
In imperfect weir situations, the downstream does have influence on the
upstream. By applying certain discharges at the upstream boundary, the effects
of downstream water depth on the energy head loss can be investigated by
varying the tail gate. Figures (6-3) to (6-6) show the results regarding to the
influence of downstream flow condition in imperfect situations.

As is shown for all cases, the energy loss decreases with the increase of the
downstream water depth and the larger discharges imposed, the higher loss
would be generated at the same downstream water depth. These are also in
line with the flow over weirs in general. Particularly for the modeled breach flow,
the decreases are at a decreasing rate from cases 1 to 5 during the
enlargement of the breach.
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Figure (6 - 3): Energy head loss versus downstream water depth (case 1 and case 2)
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Figure (6 - 4): Energy head loss versus downstream water depth (case 2 and case 3)
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Figure (6 - 5): Energy head loss versus downstream water depth (case 3 and case 4)
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Figure (6 - 6): Energy head loss versus downstream water depth (case 4 and case 5)



In order to have an overview, the relation is plotted with the discharge Q = 20

I/s for all cases in Figure (6-7). It can be found that the rates of the curves
decrease slightly from case 1 to 5. In the case of extreme highly submerged
flow (a few millimeters loss), e.g. cases 1, 2 and 3, the rate may further
decrease.

Energy loss —+—Q=201/s (case 1)

(mm) —a—Q =20Is/ (case 2)

25 -
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——Q=201/s (case 4)
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Figure (6 - 7): Energy head loss versus downstream water depth (Q = 20//s for all cases)

6.3 Prediction of Energy Head Loss in Highly

Submerged Conditions
By applying the Form Drag model stated in section 3.5.3, the theoretical
prediction and experimental results are compared (a, = 1.2, £,= 1.03). In this

study, the discharge per unit width over the weir is assumed to be equal to the
upstream. The relative energy loss to the downstream water depth is selected
to illustrate the accuracy of the method in Figure (6-8). The data was collected
by three different discharges with a couple of high tail heights in overtopping
condition. The results show that most predictions are within 19% error margin.
The largest deviation occurs in case 5 in which undular waves were observed
leading to some errors. Besides, the results are very sensitive to the accuracy of
the measurement at the flow state with low values of AH /d,. Another reason

to have the errors is the assumption of engw2ergy conservation in the
upstream. According to Bukreev et al. (2008) the energy loss at the entrance of
the breach makes a significant contribution to the total loss. However, by
applying the energy coefficient and the momentum coefficient in the model, the
estimations fit well at the range of 0.04 to 0.1 regarding to the ratio of AH /d,.
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Figure (6 - 8): Comparison of experimental data and results predicted by Form Drag mode/
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CHAPTER 7. ANALYSES OF RESULTS ON
LOCAL HYDRAULIC CHARACTERISTICS

7.1 Upstream Water Depth and Discharge

In perfect weir situations, the upstream water depth-discharge rating curve is
shown in Figure (7-1) for each case. As expected, the rating curves fall down
from case 1 to case 5 due to the increase of flow conveyance capacity. An
evident change of slope appears for each curve at the transition zone from
emerged flow to overtopping flow. The area function in the process is
discontinuous and as a result, a break in slope of the rating curve is generated.
Before the slope break, the rate of the curve decreases from cases 1 to 5. After
the transition from emerged flow to overtopping flow, on another hand, there is
not much difference on the rates of curves for all cases. The present study also
confirms the conclusions of Gogls et al. (2006) and Wahl et a/. (2006) on
compound weir with a rectangular cross-section (see section 3.5.4).

do —o—case 1
(mm) —&—case 2
180 -

case 3
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Figure (7 - 1): Upstream water depth - discharge rating curve



7.2 Velocity Distribution

The distribution of the flow velocity in a breach is of importance for the process
of erosion and sediment transport. In this section, case 1 and case 5 which aim
to present an initial stage and a final stage, respectively, have been selected to
be studied. The distributions in the main flow direction, transverse direction as
well as the vertical profiles are to be discussed. The data was collected at the
middle cross-section of the weir model in perfect weir situations.

7.2.1 Velocity Distribution in Flow Direction

Figure (7-2) illustrates the situation at the low discharges when the flow only
passes through the breach. As shown in the figure the flow close to the side is a
bit faster than in the middle of the breach. Nevertheless, by increasing the
discharge to the overtopping condition (Figure 7-3), it can be seen that the flow
velocity in the breach is much larger than the flow velocity over the crest and
the flow also speeds up in the near fields of the breach. After further increase of
the incoming flow (Figure (7-4)), the maximum velocity in the breach does not
change too much. However, the flow velocity over the crest increases
significantly. Hence, the difference of velocity magnitude between the breach
and crest is smaller compared to that with the lower discharges. In the ideal
condition the profile should be symmetrical, but due to the complex flow
patterns and the constriction of the weir model it is not the case.

Velocity —o— velocity Elevation

(m/s) weir profile (m)

1 - - 0.2
09 - - 0.18
0.8 - - 0.16
0.7 A - 0.14
0.6 - —_ - 0.12
0.5 - - 0.1
04 - - 0.08
0.3 - - 0.06
0.2 - - 0.04
0.1 - - 0.02

0 T T . . T . . 0

0.8 0.85 0.9 0.95 1 1.05 11 1.15 1.2
Position (m)

Figure (7 - 2): Velocity distribution in the flow direction (Q = 4/s, case 1)
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(m/s) weir profile n
14 (md.2
0.9 - - 0.18
0.8 - - 0.16
0.7 - 0.14
0.6 - - 0.12
0.5 - - 0.1
0.4 - - 0.08
0.3 - - 0.06
0.2 - - 0.04
0.1 - - 0.02

0 T T T 0

0 0.5 1 1.5 2

Position (m)

Figure (7 - 3): Velocity distribution in the flow direction (Q = 20 I/s, case 1)
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0.9 - - 0.18
0.8 - - 0.16
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0.5 A - 0.1
0.4 - - 0.08
0.3 - - 0.06
0.2 - - 0.04
0.1 - - 0.02
0 T T 0
0 0.5 1 1.5 2

Position (m)

Figure (7 - 4): Velocity distribution in the flow direction (Q = 30 I/s, case 1)
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Similar to case 1, the faster flow occurs close to the sides of the breach under
the emerged condition in case 5 (see Figure (7-5)). In overtopping condition
(Figure (7-6)), the velocity in the breach is much larger than at the crest and
reaches its maximum value at the places close to the side slopes. If moving to
the middle of the breach, the flow becomes slower.

Velocity —ao— velocity Elevation

(m/s) weir profile (m)

1 - - 0.2
09 -+ - 0.18
0.8 - \/ - 0.16
0.7 - - 0.14
0.6 - - 0.12
0.5 - - 0.1
0.4 -+ - 0.08
0.3 -+ - 0.06
0.2 ~ - 0.04
0.1 -+ - 0.02

0 T . . T 0

0.5 0.7 0.9 1.1 13

Positiolhs(m)
Figure (7 - 5): Velocity distribution in the flow direction (Q = 20 I/s, case 5)

Velocity —o— velocity Elevation

(m/s) weir profile m)

1 - 0.2
0.9 - - 0.18
0.8 A - 0.16
0.7 A - 0.14
0.6 - 0.12
0.5 01
0.4 A - 0.08
0.3 - 0.06
0.2 - 0.04
0.1 - - 0.02

0 T . T . . T . T . 0

0 0.2 0.4 0.6 0.8 1 1.2 14 1.6 1.8 2
Position(m)

Figure (7 - 6): Velocity profile in flow direction (Q=50//s, case 5)
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The vertical profiles of the velocity in the flow direction are plotted below. When
the weir is emerged (Figure (7-7)), the top flow is a little faster than the bottom
flow. Due to the limitation of the measurement equipments, the velocity further
close to the bottom or surface could not be collected. When the overtopping
occurs (Figure (7-8)), the profiles are irregular because of the complex flow
patterns in the breach. (y indicates the cross-sectional position along the 2 m
wide weir model)

Elevation above —a—y=1m
breac? b)ottom +—y=0.85m
m

0.08 - y=1.15m
0.07 -

0.06 -

0.05 -

0.04 -

0.03 -

0.02 -

0.01 . . . - - ' Velocity

0.6 0.65 0.7 0.75 0.8 0.85 0.9 (m/s)

Figure (7 - 7): The vertical profile of the velocity in flow direction (Q = 20 I/s, case 5)

Elevation above

—e—y=0.83
breach bottom y m
(m) —8—y=0.915m
0.08 -
y=1m
0.07 - ——y=1.085m
—#=y=1.17m
0.06 -
0.05 -
0.04 -
0.03 -
0.02 -
001 T T T T T 1 Ve|OCIty
0.6 0.65 0.7 0.75 0.8 0.85 0.9 (m/s)

Figure (7 - 8): The vertical profile of the velocity in flow direction (Q = 50 I/s, case 5)
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7.2.2 Transverse Velocity Distribution in the Breach

The transverse velocity components in the breach may play a role in the erosion
of the breach. The results in emerged and overtopping conditions for case 5 are
presented in Figure (7-9) and (7-10), respectively. As shown, the magnitude of
the transverse velocity is much lower compared to the components in the main
flow direction. In emerged condition, the flow has the transverse components
to the sides and the upper flow has slightly higher velocity than the bottom. In
the middle of the breach, there is a very small and constant transverse velocity
over the water column. In overtopping condition, the flow has the transverse
components to the middle of the breach and the magnitude becomes stronger
from the top to the bottom, which may be caused by the transverse flow from
the crest to the breach. (y indicates the cross-sectional position along the 2 m
wide weir model)

Elevation —o—y=0.85m
(m)

0.045 r

—8—y=1m

y=1.15m

0.04 - [}

0.035 2

0.03 L T

0.025 3

0.02 - L

0.015 3

Velocity
(m/s)

0.01 I T T T T T T 1
-0.2 -0.15 -0.1 -0.05 0 0.05 0.1 0.15 0.2

Figure (7 - 9): Velocity profile in transverse direction (Q = 20 l/s, case 5)
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0.06 i§
0.05 .
0.04 -
0.03 -
0.02 .
0.01 -
0 ; . , Velocity
0.1 -0.05 0 0.05 01 (m/s)

Figure (7 - 10): Velocity profile in transverse direction (Q = 50 //s, case 5)

7.3 Water Level Elevation

Water level elevation provides the information for the estimation of the
discharge and also importance for breach erosion processes. Based on Figures
(7-11) and (7-12), it is found that in emerged condition, the water levels
fluctuate with a bit higher level in the middle of the breach and lower at the
sides. These fluctuations are related to waves and turbulence formed in the
breach.
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Elevation —o— water level
(m) weir profile
0.2 -
0.16 -
0.12 ~
‘_‘/’\‘_—‘
0.08 -
0.04 -
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Figure (7 - 11): Water level in emerged condition (Q = 4 |/s, case 1)
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Figure (7 - 12): Water level in emerged condition (Q=20, case 5)
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In overtopping condition the flow states are more complicated due to the
interaction between the crest and the breach. Figures (7-13) and (7-14) shows
the water level for the same breach property with different discharges. By
comparisons, it can be observed from the two figures that the water level over
the crest decreases gradually towards the breach in cross-sectional direction.
As a part of the thin flow over the crest has transverse components to the
breach where the flow has larger depth, hydraulic jumps would be formed.
Therefore, there is a sharp drop occurring at the intersection of the crest and
the breach. With a higher discharge, it can be found that the water level rises
with a slight larger amount in the breach with respect to the crest where the
water surface increases more or less equally. As a result, the sharp drop
becomes smaller.

Elevation weir profile
(m) —o— water level (Q =201/s)
02 —u— water level (Q =30 1/s)
0.16 -
0.12 -
0.08 -
0.04 -
0 T T T T T T T T T 1
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

Position (m)

Figure (7 - 13): Water level in overtopping condition (case 1)
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Elevation weir profile

(m) —o— water level (Q =301/s)

0.2 1 —u— water level (Q =40 1/s)
0.16 -
0.12 A
0.08 -
0.04 -

0 T T T T T T T T T 1

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

Position (m)

Figure (7 - 14): Water level in overtopping condition (case 2)

By applying the same discharges in the upstream, the water levels for different
weir geometries are depicted in below figures. The transform from the
rectangular breach (case 1) to trapezoidal breach (case 2) leads to a lower
water level over the crest resulting in a stronger sharp drop over the breach
slope (Figure (7-15)). The difference caused by weir geometry is significant
around the breach. Similar results can also be gained from other cases, such as
cases 4 and 5 (Figure (7-16)). Therefore, with the same discharge the lower
the water level over the crest, the stronger jumps that are generated. Based on
above, it can be stated that the hydraulic jumps occur at the intersection
between the crest and the breach and are dependent on the water level over
the crest.
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Figure (7 - 15): Water level in overtopping condlition (Q = 30)
Elevation — — = weir profile (case 4)
0.2 (m) weir profile (case 5)
—a— water level (case 4)
—o— water level (case 5)
0.16

0.12
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Figure (7 - 16): Water level in overtopping condition (Q = 50)
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7.4 Downstream Eddies and Hydraulic Jumps

In this section, phenomena such as eddies and hydraulic jumps are to be
described by comparing the photos taken during the experiment. Case 5 is
selected to be tested with various flow conditions.

7.4.1 Constant Discharge

By fixing the upstream boundary with discharge Q= 20 |/s, the weir model is in
emerged condition. It can be seen from Figure (7-17) that eddies and hydraulic
jumps are generated behind the weir. In the figure eddies are indicated by the
color line and black tracers. Hydraulic jumps are in a triangular shape at the
downstream of the breach.

Figure (7 - 17): Downstream flow patterns (Q = 20 I/s, tail height 1, case 5)

However, by means of increasing the downstream gate height, it can be seen
from Figures (7-18) that eddies become higher in refreshment (less black
tracers) and larger in scale (area of black tracers). The hydraulic jumps in the
downstream of weir are observed to move towards the breach forming a curved
line surrounded the outlet of the breach.
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Figure (7 - 18): Downstream flow patterns (Q = 20 I/s, tail height 2, case 5)

Further increase of the tail gate results in even larger area of eddies and higher
refreshment (Figure (7-19)). The hydraulic jumps in the downstream are hard
to see, instead, shock waves appear. Finally, if the tail gate has reached a
certain level, eddies would disappear and the flow in the breach becomes

subcritical thus no hydraulic jump appears any more.

Figure (7 - 19): Downstream flow patterns (Q =M20 //s, tail height 3, case 5)
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For large discharges (e.g. 50 I/s), the weir is in overtopping condition. In the
case of a low tail gate level (Figure (7-20)), the flow in the downstream is so
fast that there is no eddy behind the weir at all. The hydraulic jumps are
generated over the downstream weir slope behind the crest. Similar to the
emerged condition, hydraulic jumps with a triangular shape are located in the
downstream of breach.

Figure (7 - 20): Downstream flow patterns (Q = 50 I/s, tail height 1, case 5)

But after increasing the downstream to a higher water level (Figure (7-21)), the
flow at the sides slows down and small-size eddies appear but at some distance
away from the weir due to the push of overtopping flow. Still the hydraulic
jumps shift a bit to the upstream with the increase of downstream water level.
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Figure (7 - 21): Downstream flow patterns (Q = 50 I/s, tail height 2, case 5)

With continuing to lift the tail height, the no eddy exists because of the high
downstream water level (Figure (7-22)). At the same time, the hydraulic jumps
have gone as the flow becomes subcritical and undular waves are generated in
the downstream.

Figure (7 - 22): Downstream flow patterns (Q = 50 I/s, tail height 3, case 5)
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7.4.2 Constant Tail Gate Height

In this condition, the tail gate is fixed but the discharge is varied. Figure (7-23)
shows the picture of the situation with relatively low discharge (Q= 18I/s) in
which the flow only passes through the breach. By increasing the discharge (to
Q= 45l/s), the flow pattern is illustrated in Figure (7-24). By comparing the two
figures, it can be concluded that eddies become smaller and further away from

the weir if increasing the incoming discharge. Also, hydraulic jumps occur
behind the weir rest due the overtopping flow.

Figure (7 - 23): Downstream flow patterns (Q = 18 I/s, case 5)

Figure (7 - 24): Downstream flow patterns (Q = 45 I/s, case 5)
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At the situation with extreme large discharge (Q = 60 I/s), eddies are gone and

triangular shape of jumps shows again because the very fast flow through the
breach (Figure (7-25)). In short, with fixed height of tail gate, the flow patterns
behind weir depend on the upstream flow conditions.

Figure (7 - 25): Downstream flow patterns (Q = 60 I/s, case 5)
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CHAPTER 8. NUMERICAL MODELING

8.1 Introduction

This chapter deals with numerical simulations of the flow over the weir with
Delft3D. In order to verify the application of this numerical model to present
study, the results of Delft3D are to be compared with the experimental data.

8.1.1 General background

Delft3D is fully integrated computer software for a multi-disciplinary approach
and 3D simulations for coastal, river and estuarine areas. It can be used for the
simulations of two-dimensional (2D, depth-averaged) or three-dimensional (3D)
unsteady flow and transport phenomena. If the fluid is homogeneous in the
vertical direction, the 2D approach is appropriate with one computational layer.
In 3D simulations, multi-layers can be adapted and the vertical grid is defined
following the co-ordinate in which the horizontal length and time scales are
significantly larger than the vertical scales. Delft3D-FLOW solves the Navier
Stokes equations for an incompressible fluid, under the shallow water and the
Boussinesq assumptions. In the vertical momentum equation the vertical
accelerations are neglected, which leads to the hydrostatic pressure equation.
In 3D models the vertical velocities are computed from the continuity equation.
Within the Delft3D-flow model, this hydrostatic pressure assumption has been
adopted, which implies that the numerical model is based on the shallow-water
equations. It has been applied successfully in many test cases in describing
horizontal velocity profiles in vertical direction or stratified currents in
predominantly horizontal flows. However, the application of hydrostatic
approximation is disputable, when the non-hydrostatic pressure component
cannot be neglected. In this study, since the curvature of flow streamlines
occurs due to the contraction effect of the weir, 2D simulations are applied.

8.1.2 Approximations
In Delft3D some assumptions are made in 2D simulations:

Incompressibility
The flow is assumed to be incompressible.

Hydrostatic pressure assumption

In the sigma co-ordinate system the depth is assumed to be much smaller than
the horizontal length scale. So, the vertical pressure distribution is considered
to be hydrostatic and vertical accelerations are not taken into account.

Boussinesq approximation
The effect of variable density is only taken into account in the pressure term.

Boundary condition
At the bottom a slip boundary condition is assumed and a quadratic bottom
stress formulations are applied. The boundary conditions for the turbulent
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kinetic energy and energy dissipation at the free surface and bottom assume a
logarithmic law of the wall. For large-scale flow simulations, the tangential
shear-stress at lateral closed boundaries can be neglected (free slip). In case of
small-scale flow partial slip is applied along closed boundaries.

8.2 Set-up of Delft3D model

The Delft3D model is set up based on the geometries of the laboratory
experiment. 10 meters length of flume is simulated with the weir model located
in the middle over the distance. But in case 1 due to the fact that only one value
of bottom elevation can be set in Delft3D, a very large breach slope (1H : 20V)
is built instead of a vertical breach side, which would generate small differences
from the analytical and physical models. In the numerical model, 2D simulation
is selected. The settings of Delft3D, e.g. for case 5 are presented in Table (8-1).
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Table (8 - 1): Settings of Delft3D

Input
Time frame

Domain

Initial conditions

Boundary conditions

Physical parameters

Numerical parameters

Parameters
Simulation time
Time step

Grid cells in M-direction
Grid cells in N-direction
Delta X
Delta 'Y

Water depth

Upstream discharge
Reflection parameter alpha
Downstream water level
Reflection parameter alpha
Rriction formula

U

V

Wall roughness
Roughness length

Horizontal eddy viscosity
(fixed)

Drying and flooding check
at

Depth specified

Depth at grid  cell centers
Depth at grid  cell faces
Threshold depth
Smoothing time

Advection scheme
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Values
5 minutes
0.024 s

333
50
0.03m
0.04m

0.04 m

0.05 m3/s

1.02 s

0.04m

1.02 ¢
White-Colebrook
0.005

0.005

Partial

0.002 m

0.005 nils

cell centers and

faces

cell corners
Max

Min

0.01 m

1 minute
Flooding



8.3 Verification of Delft3D Model

One of the advantages of a numerical model is that simulations can be done
with relatively little effort and that it can solve problems that physical models
may have due to the limitations of measurement, time, etc. However, whether
the set-up of the numerical model is appropriate and reliable to the subject
should be discussed first. In this section, the Delft3D models are to be verified
by comparing the numerical results with the laboratory data. In the aspect of
hydraulic characteristics, velocity distribution and water depth over the weir are
selected for the comparison of the Delft3D results with the experimental data.
The comparisons are made for cases 1 and 5.

As is shown in Figures (8-1) and (8-2), the overall profile of depth averaged
velocity is in line with the experimental data. Particularly over the crest, the
difference is small on average. However, the results from Delft3D are lower in
the magnitude of the velocity in the breach where the flow is very turbulent and
variable. It shows the weakness of the numerical model on the simulations with
sudden change of topography.

Velocity ¢ depth averaged veIocFiy (measurement) | E|evation
depth averaged velocity (Delft3D)

(m) ; ; (m)

1 - weir profile - 0.2
0.9 - - 0.18
0.8 - - 0.16
0.7 - Ces - 0.14
0.6 - NN * - 0.12
0.5 _— Y ‘r—)/ \Q-Q__'_.\_ 0.1
04 4 ¢ - 0.08
0.3 A - 0.06
0.2 - 0.04
0.1 - - 0.02

0 T T T O

0 0.5 1 1.5 2
Position (m)

Figure (8 - 1): Comparison of laboratory measurement and Delft3D on depth averaged
velocity over weir (case 1, Q = 30 I/s)
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AJV\M o .
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depth averaged velocity (Delft3D) (m)
weir profile - 02
- 0.18
- 0.16

——F 0.1
- 0.08
- 0.06
- 0.04
- 0.02
T O

0.5 1

1.5 2
Position

(m)

Figure (8 - 2): Comparison of laboratory measurement and Delft3D on depth averaged
velocity over weir (case 5, Q = 50 I/5)

The comparisons of water level over the weir are illustrated in Figures (8-3) and
(8-4). It shows that the results of measurements and numerical model fit well
over the crest where the flow is thin and relatively streamlined. In the breach, a
difference can be seen especially close to the breach slopes. For instance, in
case 5, instead of the sharp drop over the side slope, a relatively smooth
decrease of water level is generated in the numerical model.

Elevation

0.2
0.18
0.16
0.14
0.12

0.1
0.08
0.06
0.04
0.02

0

(m)

4

L 2

¢ water level (measurement)
water level (Delft3D)
weir profile

4
4
4

0.2 0.4 0.6 0.8

1.2 1.4 1.6 1.8 2
Position
(m)

Figure (8 - 3): Comparison of laboratory measurement and Delft3D on water level over
weir (case 1, Q = 30 l/5)
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0 0.5 1 1.5 2
Position
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Figure (8 - 4): Comparison of laboratory measurement and Delft3D on water level over
weir (case 5, Q = 50 l/5)

Furthermore, the discharge distribution based on the physical, analytical and
numerical models is presented in Figure (8-5). It can be concluded that the
results are rather comparable for cases 2 to 5. The numerical model owns the
lower values with respect to the analytical predictions and the laboratory
measurements in case 1 as the side slope cannot be set vertical leading to less
water through the breach in Delft3D. Overall, the analytical solution performs a
bit better than Delft3D in the domain of present study.
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Theory (case 3)
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Figure (8 - 5): Comparison of laboratory measurement, analytical solution and Delft3D on
discharge distribution

In conclusion, except of the inaccuracy in the fields close to the breach slopes,
Delft3D model is able to provide appropriate simulations for the subject of the
breach flow over broad-crested weir in two-dimensional simulation. Some
simulations based on Delft3D model are done in Appendix A.

98



CHAPTER 9. CONCLUSIONS AND
RECOMMENDATIONS

9.1 Conclusions

In breach models often broad-crested weir formulae are used to simulate the
flow through the breach. In order to understand the effects of breach
properties on the breach flow, five tests with different breach properties were
performed. Delft3D calculations were performed for the comparison with the
experimental data. The results of the investigation are useful for the
development of breach models and the design of compound weirs. The
conclusions regarding to the objectives of the thesis are given below.

9.1.1 Upstream Water Depth and Discharge

A break in slope caused by the sudden change of flow area was shown in each
upstream water depth-discharge rating curve. In emerged condition, the slope
of the curves decreases in the processes of top widening, deepening and
bottom widening of the breach. After overtopping, there is not much difference
on the slopes for all the cases.

9.1.2 Discharge Coefficient

The study of the discharge over a weir with a breach was carried out both in
perfect and imperfect weir situations. Two flow conditions (emerged and
overtopping) were taken into consideration.

Emerged Condition

In this condition, the flow only passes through the breach. The values of
discharge coefficient are more or less constant with the increase of the
upstream head. With small discharges relatively low values of the discharge
coefficient (smaller than 1) were obtained as the bottom friction and flow
contraction played a role. The effects of breach properties on the flow in perfect
weir situations are:

(a). In the case of a small top width of the breach, a strong contraction occurs
resulting in relatively low discharge coefficient.

(b).Keeping the top width of the breach constant, breach deepening and
bottom widening might lead to higher values of the discharge coefficient.

(c). Therefore, with a constant breach slope, the combined effects of bottom
widening and deepening result in a significantly increase in the discharge
coefficients.

In imperfect weir situations, the values of the discharge coefficients would be
reduced. A submergence coefficient was introduced for emerged flow to
account for the reduction. The comparison of theory and experimental results
shows a good agreement.
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Overtopping Condition

In this condition, the flow passes through the whole width of the weir. The
significant difference with the emerged condition in terms of the discharge
coefficients is the interactions between the flow over the crest and the flow
through the breach. A linear combination of traditional discharge formulae was
applied. The conclusions can be summarized as below:

(a). The values of the discharge coefficients are higher than for emerged flow
but still lower than 1. By increasing the upstream energy head, the
discharge coefficients increase for all cases.

(b). The difference on the values of the discharge coefficients are small for the
process of top widening of the breach. However, the breach deepening
results in obviously higher values and the breach bottom widening leads to
lower values.

Emerged and Overtopping Condition

Both for emerged and overtopping conditions, the breach discharge can be
computed simply with the formula for broad-crested weirs (for overtopping
condition the formula for a compound weir), with a proper estimation of the
discharge coefficient.

9.1.3 Energy Head Loss

The energy head loss was studied in imperfect weir situations. For given
heights of the tail gate, the energy loss increase with the increase of the
discharges. This is the same case for the flow over weirs in general.
Nevertheless, the dissipation rates are different in emerged and overtopping
flow conditions. In emerged flow, the dissipation rates decrease in the
processes of top widening, deepening and bottom widening of the breach. In
overtopping flow, the dissipation rates are constant for all cases.

Just as the energy loss for general weir flow, the energy loss decreases with the
increase of the downstream water depth for given discharges. With the
increase of submergence, the energy loses at a decreasing rate. In present
study, however, the energy dissipation rate decreases during the processes of
top widening, deepening and bottom widening of the breach for the constant
upstream discharges.

The form drag model has been proved to be applicable in the case of a weir
with a breach for predicting the energy loss by the downstream water depth in
highly submerged conditions.

9.1.4 Local Hydraulic Characteristics

Velocity Distribution

The velocity signals in the middle cross-section of the weir were measured. The
magnitudes of transverse velocities are rather small compared to the velocity
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components in the main flow direction. For emerged flow, the depth averaged
flow velocities in the main flow direction are a bit larger close to the sides of
breach than the middle of the breach. For vertical profiles, the flow at the top is
a little faster than the flow at the bottom. In the transverse direction, the flow
has the components to the sides of the breach which are slightly higher in the
upper flow.

For overtopping flow, the depth averaged velocities in the breach are much
larger than the velocities over the crest in the main flow direction. With the
increase of discharges, the maximum velocity in the breach does not change
too much. However, the flow velocities over the crest increase significantly. The
vertical profiles are irregular because of the complex flow patterns happening
there. The flow has the transverse components to the middle of the breach and
the magnitude become stronger from the top to the bottom.

Water Level

In emerged condition, the water level fluctuates with a bit higher level in the
middle of the breach than at the sides. In overtopping condition, the water level
over the crest decreases gradually towards the breach. Sharp drops occur over
the breach slopes due to the form of jumps caused by transverse flow from
crest to breach. The drops occurring over the breach slopes depend on the
water levels over the crest. The lower the water levels over the crest, the larger
drops would be generated.

Downstream Eddies and Hydraulic Jumps

Eddies are formed behind the weir with a low downstream water level and
disappear at relatively high downstream water levels. With the increase of the
downstream water depth in emerged condition, eddies become higher in
refreshment and larger in size. The increase of the discharges in overtopping
condition would push eddies away from the weir.

A triangular shape of hydraulic jumps is generated in the downstream of the
breach at the low gate level. Hydraulic jumps (see Figure (9-1)) also occur over
the downstream slope of the weir in overtopping condition. Increasing the tail
height forces the jumps move towards the breach forming a curved line around
the outlet of the breach. If the downstream water level further increases, the
flow in the breach becomes subcritical and no jumps appear any more.
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Figure (9 - 2): Sketch of breach flow modeled as flow over a weir

9.1.5 Numerical Modeling

A numerical model as Delft3D has been verified to simulate the present
laboratory experiment by comparing its predictions with the experimental
results with respect to the local hydraulic characteristics, e.g. the velocity
distribution and the water level elevation. It can be concluded that the
numerical model can provide appropriate 2D simulations of the flume-scale
experiment. However, inaccurate results can be found in the near fields of
breach slopes where the sudden change of flow section occurs. With respect to
the discharge distribution, Delft3D does not give better results than the formula
for broad-crested weirs.

9.2 Recommendations

The effect of breach geometry to breach flow has been investigated.
Nevertheless, further research needs to be done to complete the subject of
breach flow over weirs. The following suggestions are given:

(a). More shapes of breach needs to be tested, e.g. parabolic breach.

(b). Larger size of breach is required for further study on breach properties and
flow characteristic in the breach.

(c). Research on the morphology changes of the weir caused by the breach
flow is recommended.
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APPENDIX A: NUMERICAL RESULTS

A.1 Constant Upstream Water Level

It is a research option to keep the same upstream water level to see the flow
behaviors for different cases. But in the laboratory experiment, it is not easy to
do this in an efficient way. Therefore, the numerical model (Delft3D) is set-up
for the situation. In the settings of Delft3D (Table (8-1)), the upstream
boundary is changed to water level (0.16 m).

The outputs of water level distribution and corresponding depth averaged
velocity for all cases are depicted in Figures (A-1) to (A-10). The following
conclusion can be made:

(a). The effect of the breach to the upstream can be clearly seen from the area
in front of the breach where the water level starts to drop. The water level
difference is indicated by colors. Instead of straight streamlines, flow
curvature caused by the breach occurs due to the contraction effect which
is shown by the directions of arrows in the velocity distribution. Based on
these indictors, one can conclude that with the same upstream water level,
the enlargement of the breach would result in stronger contraction effects
in overtopping condition, hence larger influenced area in the upstream.

(b).In the breach, the water level is lower than that over the crest, but at the
end of the breach the flow acts as a jet flow which has a higher water level
in the cross-section. Also, transverse flow components from crest to breach
can be observed. These are confirmed by the present laboratory
observations.

(c). As the breach is larger from cases 1 to 5, the discharge conveyance
capacity through the weir also increases. For large breach sizes, the area of
fast flow in the downstream also large. This may be taken into
consideration when studying the downstream erosion or flood propagation.
As can been seen, the relative fast flow occurs over the downstream weir
slope and hydraulic jump forms at the zone with low water levels (dark blue)
in the water level distribution. The hydraulic jumps are located at the end of
the downstream slope and have a triangular shape behind the breach. The
large discharges push the positions of hydraulic jumps further away from
the weir, which is in line with the conclusion made before (see section 7.4).
In the model, the upstream head is enough high that no eddy appears
behind the weir.
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Figure (A - 1): The distribution of water level (case 1, upstream water level 0.16 m)
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Figure (A - 2): The distribution of depth averaged velocity (case 1, upstream water level
0.16 m)
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Figure (A - 3): The distribution of water level (case 2, upstream water level 0.16 m)
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Figure (A - 5): The distribution of water level (case 3, upstream water level 0.16 m)
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Figure (A - 6): The distribution of depth averaged velocity (case 3, upstream water leve/
0.16 m)
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Figure (A - 7): The distribution of water level (case 4, upstream water level 0.16 m)
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Figure (A - 8): The distribution of depth averaged velocity (case 4, upstream water level
0.16 m)
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A.2 Constant Upstream Discharge

In addition to set same upstream water level, constant discharge (Q = 301/s) is
applied at the upstream boundary for all cases. The distributions of water level
and depth average velocity are presented in Figures (A-11) to (A-20). According
to the figures, one can find that:

(a).

(b).

At the same discharge, small sizes of breach lead to a higher upstream
water level due to the low flow conveyance capacity. Still, the largest
influence of breach to the upstream is caused by case 5. For large size of
breach geometries (e.g. cases 4 and 5), the discharge over the weir crest
are relatively low. As a result, the flow behind the breach is much faster
compared to the surroundings and some eddies at the boundary wall can
be seen from figures.

Due to the small size of breach in case 1, the velocity over the weir quite
high, especially at the end of breach where the flow is concentrated with
really large speed. Moreover, the maximum velocity in the downstream of
breach decreases with the enlargement of the breach. It is due to the
increase of flow discharging capacity for larger breach size and reduced
effect of sudden expansion.
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Figure (A - 12): The distribution of depth averaged velocity (case 1, Q = 30//s)
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Figure (A - 14). The distribution of depth averaged velocity (case 2, Q = 30//s)
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Figure (A - 15): The distribution of water level (case 3, Q = 30//5)
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Figure (A - 16). The distribution of depth averaged velocity (case 3, Q = 30//s)
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Figure (A - 17): The distribution of water level (case 4, Q = 30//s)
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Figure (A - 18): The distribution of depth averaged velocity (case 4, Q = 30//s)
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Figure (A - 19): The distribution of water level (case 5, Q = 30//s)
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APPENDIX B: DATA COLLECTED IN THE LABORATORY EXPERIMENT

Table (B - 1): Discharges and water level differences in imperfect situation

Q (1/s) 3 4 5 10 15 20 25 30 35
Case do_ (mm) 121.8 126.8 130.9 140.5 147.2 153.2 158. 8 163. 6 168.3
d, (mm) 116.2 118. 6 121.1 129.5 134.2 138.5 142.9 146. 6 150. 6
Ad_(mm) 5.5 8.2 9.8 11 13 14.7 15.8 17 17.7
Q (1/s) 3 5 6 10 15 20 25 30 35 40
Case do_ (mm) 115.9 125 129.7 137.4 144. 4 150. 2 155. 8 160. 6 165. 4 169. 7
dy (mm) 110.9 114. 4 117.2 122.7 127.4 131.5 135.9 139. 6 143.2 146.9
Ad  (mm) 5 10.6 12.6 14. 7 17 18.7 19.9 21. 1 22.2 22.8
Q (1/s) 3 5 8 10 15 20 25 30 35 40 45
Case do_ (mm) 109. 4 116.7 127.5 132.5 139.7 146.1 151.9 156. 5 161.4 165. 6 169.9
dy (mm) 106 110. 4 113.2 115.3 119.9 124.5 128.9 132.3 136. 2 139.2 143. 4
Ad_ (mm) 3.4 6.3 14.3 17.2 19.8 21.6 23 24. 2 25. 2 26. 4 26. 5
Q (1/s) 5 8 10 12 14 17 20 25 30 35 40 45 50
Case do_ (mm) 106. 6 113 118.5 124.7 130.4 134.9 138.8 144. 6 149. 8 154.9 159. 1 163.4 167. 1
dy (mm) 102.5 105. 4 107. 4 107.9 109.8 112.5 115.5 119.4 123.3 127. 1 130.2 133.7 136.6
Ad_ (mm) 4.1 7.5 11.1 16. 8 20. 6 22.3 23.3 25. 1 26. 4 27.8 29 29. 8 30. 6
Q (1/s) 5 10 15 20 25 30 35 40 45 50 55 60
Case do_(mm) 104.8 113.8 124. 4 132.8 138.9 144 148. 8 153. 6 157.7 161.9 166. 2 169.7
d, (mm) 103. 1 107.7 113.3 116.6 120.6 124.7 128.5 132. 1 135. 1 138. 4 141.7 144. 4
Ad  (mm) 1.8 6.2 11 16. 2 18.2 19.3 20. 2 21. 6 22. 6 23.4 24.5 25. 2
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Table (B - 2): Water levels with increasing tail gate height in imperfect situation

case 1| @ (1/s) 10 10 10 20 20 20 30 30 30
ho (mm) | 140 ]142.3[148.4]153.3] 154.6 | 160 [163.2]163.5]|166.6
hy (mm) [125.8]136.8[146.8|137. 5| 148.2 | 157.2(140.2]151.4[161.3
Ah (mm)|14.2 | 5.5 1.6 | 15.8] 6.4 2.8 23 12.2 ] 5.3
case 2| @ (1/s) 10 10 10 20 20 20 30 30 30
ho (mm) |138.1[142.6]150.5[150.1] 151.7 | 157.4]160.8]|161.8]166.6
hy (mm) |128.2| 140 |149.6|131.5] 143.9 [154.5]141.8[152.4[162.3
Ah (mm)| 9.9 | 2.6 1 18.6 | 7.8 5 19 9.4 | 4.3
case 3| @ (1/s) 20 20 20 30 30 30 40 40 40
ho (mm) |146.6|148.8|154.4[157.1| 159 |164.4|166.1]|167.5]171.9
hy (mm) |130.7|141.6]151.6]138.6 150.9 [160.5]147.3[159.2[167.2
Ah (mm)| 15.7 | 7.1 2.8 [ 18.5] 8.1 3.8 [ 18.8] 8.3 | 4.6
case 4| @ (1/s) 20 20 20 30 30 30 40 40 40 40 50 50 50 50 50
ho (mm) [139.7]142.7[146.9]150.7| 152.6 | 155.4(159.3]159.6]160.4]|162.2]166.3]|166.8]|167.1]|167.4|167.9
hy (mm) [120.9]132.2[142.5]130.2 139.2 [148.2|118.6]128.5|138.6[148.7] 93.6 |106.8|118.3]129.1[141.2
Ah (mm)| 18.8 | 10.5 | 4.4 | 20.6 | 13.4 | 7.3 | 40.6 [ 31.1 [ 21.8 [ 13.4 [ 72.7| 60 | 48.8 | 38.3 | 26.7
case 5| @ (1/s) 20 20 20 20 30 30 30 40 40 40 50 50 50 50
ho (mm) [130.1]133.4[137.1|142.5]144.44| 148 [151.9]153.6|155.6]160.7]|161.4]|162.9|166.4|171.9
hy (mm) | 108 |118.3[127.1| 138 | 124.8 | 136.4[145.4]134.7[141.3[156.5|132.5]143.6| 155 |165.3
A h (mm)| 22.1 15 10 4.6 19.6 [ 11.6 | 6.5 | 18.8 | 14.3 | 4.2 [ 28.9 ] 19.4 ] 11.3 | 6.6
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Table (B - 3): Depth averaged velocity over weir

case 1 | @ =4 1/s u (m/s) 0.58436 | 0.53217 0. 589225
cross—sectional position (m) 0.95 1 1.05
Q=20 1/s u (m/s) 0.3628870.359531]0. 334433]10.411254]10.656938]0. 661967
cross—sectional position (m) 0.08 0. 24 0.56 0.76 0.95 1
u (m/s) 0.64749410.49045410.405706]0. 387462]0. 374592{0. 371511
cross—sectional position (m) 1.05 1.24 1.44 1.6 1.76 1.92
§ =30 1/s u (m/s) 0.426438]0. 465748]0. 496684 0. 545451(0. 678692] 0. 656977
cross—sectional position (m) 0.08 0. 24 0.56 0.76 0.95 1
u (m/s) 0.648609| 0. 58437 |10.526672]0.51797410.519636]0. 504924
cross—sectional position (m) 1.05 1. 24 1.44 1.6 1.76 1.92
case 5 | @ =20 1/s u (m/s) 0.789538]0.712425]0. 809313
cross—sectional position (m) 1.15 1 0. 85
§ =50 1/s u (m/s) 0.336229]0. 448337]0.477787]0. 485293 [ 0. 52228 |0. 581189 0. 758664 0. 719905]0. 709992
cross—sectional position (m) 0.02 0. 09 0. 22 0. 34 0. 46 0. 58 0. 83 0.915 1
u (m/s) 0.717436] 0. 75387 |10.569382]0. 566512]0. 541974]0. 514973]0.461301]0. 437136
cross—sectional position (m) 1.085 1.17 1.42 1.54 1. 66 1.78 1.91 1.98
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APPENDIX C: ADDITIONAL TABLES AND FIGURES USED IN THE REPORT
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Figure (C - 1): Maximum measured error for wet calibration and verification of accuracy in % of reading (Endress+Hauser)
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Table (C - 1): Values of the ratio d_/H, as a function of mand H, /b for trapezoidal control sections (Bos, 1989)

Side slopes, ratio of horizontal to vertical (m:1)

Ho/b vertical 0.25:1 0.5:1 0.75:1 1:1 1.5:1 2:1 2.5:1 3:1 4:1

0.000 0.667 0.667 0.667 0.667 0.667 0.667 0.667 0.667 0.667 0.667

0.010 0.667 0.667 0.667 0.668 0.668 0.669 0.670 0.670 0.671 0.672

0.020 0.667 0.667 0.668 0.669 0.670 0.671 0.672 0.674 0.675 0.678

0.030 0.667 0.668 0.669 0.670 0.671 0.673 0.675 0.677 0.679 0.683

0.040 0.667 0.668 0.670 0.671 0.672 0.675 0.677 0.680 0.683 0.687

0.050 0.667 0.668 0.670 0.672 0.674 0.677 0.680 0.683 0.686 0.692

0.060 0.667 0.669 0.671 0.673 0.675 0.679 0.683 0.686 0.690 0.696

0.070 0.667 0.669 0.672 0.674 0.676 0.681 0.685 0.689 0.693 0.699

0.080 0.667 0.670 0.672 0.675 0.678 0.683 0.687 0.692 0.696 0.703

0.090 0.667 0.670 0.673 0.676 0.679 0.684 0.690 0.695 0.698 0.706

0.100 0.667 0.670 0.674 0.677 0.680 0.686 0.692 0.697 0.701 0.709

0.120 0.667 0.671 0.675 0.679 0.684 0.690 0.696 0.701 0.706 0.715

0.140 0.667 0.672 0.676 0.681 0.686 0.693 0.699 0.705 0.711 0.720

0.160 0.667 0.672 0.678 0.683 0.687 0.696 0.703 0.709 0.715 0.725

0.180 0.667 0.673 0.679 0.684 0.690 0.698 0.706 0.713 0.719 0.729

0.200 0.667 0.674 0.680 0.686 0.692 0.701 0.709 0.717 0.723 0.733

0.220 0.667 0.674 0.681 0.688 0.694 0.704 0.712 0.720 0.726 0.736

0.240 0.667 0.675 0.683 0.689 0.696 0.706 0.715 0.723 0.729 0.739

0.260 0.667 0.676 0.684 0.691 0.698 0.709 0.718 0.725 0.732 0.742

0.280 0.667 0.676 0.685 0.693 0.699 0.711 0.720 0.728 0.734 0.744

0.300 0.667 0.677 0.686 0.694 0.701 0.713 0.723 0.730 0.737 0.747

0.320 0.667 0.678 0.687 0.696 0.703 0.715 0.725 0.733 0.739 0.749

0.340 0.667 0.678 0.689 0.697 0.705 0.717 0.727 0.735 0.741 0.751

0.360 0.667 0.679 0.690 0.699 0.706 0.719 0.729 0.737 0.743 0.752
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Table (C - 2): Values of the ratio d_/H, as a function of mand H, /b for trapezoidal control sections (Bos, 1989) (continued)

Ho/b vertical 0.25:1 0.5:1 0.75:1 1:1 1.5:1 2:1 2.5:1 3:1 4:1

0.380 0.667 0.680 0.691 0.700 0.708 0.721 0.731 0.738 0.745 0.754

0.400 0.667 0.680 0.692 0.701 0.709 0.723 0.733 0.740 0.747 0.756

0.420 0.667 0.681 0.693 0.703 0.711 0.725 0.734 0.742 0.748 0.757

0.440 0.667 0.681 0.694 0.704 0.712 0.727 0.736 0.744 0.750 0.759

0.460 0.667 0.682 0.695 0.705 0.714 0.728 0.737 0.745 0.751 0.760

0.480 0.667 0.683 0.696 0.706 0.715 0.729 0.739 0.747 0.752 0.761

0.500 0.667 0.683 0.697 0.708 0.717 0.730 0.740 0.748 0.754 0.762

0.600 0.667 0.686 0.701 0.713 0.723 0.737 0.741 0.754 0.759 0.167

0.700 0.667 0.688 0.706 0.718 0.728 0.742 0.752 0.758 0.764 0.771

0.800 0.667 0.692 0.709 0.723 0.732 0.746 0.756 0.762 0.767 0.774

0.900 0.667 0.694 0.713 0.727 0.737 0.750 0.759 0.766 0.770 0.776

1.000 0.667 0.697 0.717 0.730 0.740 0.754 0.762 0.768 0.773 0.778

1.200 0.667 0.701 0.723 0.737 0.747 0.759 0.767 0.772 0.776 0.782

1.400 0.667 0.706 0.729 0.742 0.752 0.764 0.771 0.776 0.779 0.784

1.600 0.667 0.709 0.733 0.747 0.756 0.767 0.774 0.778 0.781 0.786

1.800 0.667 0.713 0.737 0.750 0.759 0.770 0.776 0.781 0.783 0.787

2.000 0.667 0.717 0.740 0.754 0.762 0.773 0.778 0.782 0.785 0.788

3.000 0.667 0.730 0.753 0.766 0.773 0.781 0.785 0.787 0.790 0.792

4.000 0.667 0.740 0.762 0.773 0.778 0.785 0.788 0.790 0.792 0.794

5.000 0.667 0.748 0.768 0.777 0.782 0.788 0.791 0.792 0.794 0.795

10.000 0.667 0.768 0.782 0.788 0.791 0.794 0.795 0.796 0.797 0.798

00 0.800 0.800 0.800 0.800 0.800 0.800 0.800 0.800 0.800
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