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Experimental Investigation of Propagation of Sediment

Due to Earth-fill Dam Break

Abstract

As a result of the break of an earth-fill dam, the materials carried from the dam body
may cause changes and destruction in the ground in the downstream region with the
effect of the flood wave. Although there are extensive studies on breach development
and flow effects experimental and modeling studies in the literature on dam breaks,
sediment movement has generally been ignored. Homogeneous earth-fill dams are
dams that use a single type of material in their construction. Sediment and flood wave
propagation of a homogeneous earth-fill dam as a result of overtopping and piping
dam break types were investigated experimentally in an 18.4 m long, 2.0 m wide, and
0.88 m high concrete rectangular open channel in Izmir Katip Celebi University
Hydraulics Laboratory. The dam body is built of uniform material with dso = 0.441
mm, homogeneously 60 cm high, 6 layers in 10 cm thick layers, a transverse base
width of 200 c¢m, a longitudinal base width of 202 cm, crest width of 10 cm, and
upstream-downstream slopes 32° was built. Each layer of the earth-fill dam body was
compacted using standard compaction methods. A total of 8 (2x2x2) dam break
experiments were carried out with 2 repetitions in 2 different downstream conditions,
rough and smooth, in 2 different break scenarios as overtopping and piping. The
roughness elements were placed in a staggered manner by using thirteen concrete
blocks with dimensions of 10x10x10 cm at a distance of 1.5 m from the downstream

skirt of the dam body. The dams upstream were slowly filled with water until it reached
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the crest level. A triangular breach was made in the axis of the dam in order to trigger
a dam break in the overtopping experiments. In the piping test, the water was stopped
when it reached a certain level and waited for downstream erosion. In the experiments,
the water level was measured at 4 different points, 1 upstream and 3 at the downstream
of the ruler dam located on the left of the channel. In addition, with the help of ULS-
40D ultrasonic level-measured sensors, sediment and water levels were measured at 3
different points on the axis of the channel. At the end of each experiment, the sediment
heights taken at 10 cm intervals on the x and y axes were measured. Contour and 3D
bathymetry maps of the sediment propagation along the channel of the break dam body
were obtained from the sediment measurements obtained with the help of the Surfer
program. According to experimental results smooth and rough downstream conditions,
rough experiments sediment hight is higher. For overtopping and piping experiments,
overtopping type dam break sediment hight is higher than piping type. In water depth

and propagation of water, there are no specific differences between experiments.

Keywords: Earth-fill dam, overtopping dam break, piping dam break, smooth bed,
rough bed
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Toprak Dolgu Baraj Yikilmasi Sonucu Olusan Sediment

Tasiniminin Deneysel Arastirmasi

Oz

Toprak dolgulu bir barajin yikilmasi sonucu baraj govdesinden tasinan malzemeler
tagkin dalgasiin etkisiyle mansap bolgesindeki zeminde degismelere ve tahribata
sebep olabilir. Baraj yikilmalar1 iizerine literatiirde gedik gelisimi ve akim etkileri
deneysel ve modelleme caligmalari {izerine kapsamli calismalar olmasina ragmen
sediment hareketi genellikle g6z ardi edilmistir. Homojen toprak dolgu barajlar
insasinda tek tip materyal kullanilan barajlardir. Homojen toprak dolgu barajin {istten
asma ve borulanma sonucu barajin mansabinda olusan sediment ve taskin dalgasi
yayilimi Izmir Katip Celebi Universitesi Hidrolik Laboratuvari'nda 18,4 m
uzunlugunda, 2,0 m genisliginde ve 0,88 m yliksekliginde beton dikddrtgen bir agik
kanalda deneysel olarak incelenmistir. Baraj gévdesi, dso = 0.441 mm olan {iniform
malzeme ile homojen olarak 60 cm yiiksekliginde, 10 cm kalinlifinda katmanlar
halinde 6 kat olacak sekilde, enine taban genisligi 200 cm, boyuna taban genigligi 202
cm, kret genisligi 10 cm ve memba-mansap egimleri 32° olarak inga edilmistir. Toprak
dolgu baraj govdesinin her kati standart sikistirma yontemleri kullanilarak
sikistirtlmistir. Deneyler, {istten asma ve borulanma olarak 2 farkli yikim senaryosu,
plrtizlii ve piirlizsiiz olmak tizere 2 farkli mansap kosulunda, 2 tekrarli olarak toplamda
8 ( 2x2x2) tane baraj yikilma deneyi gerceklestirilmistir. Baraj govdesinin mansap
eteginden 1,5 m uzaklikta, 10x10x10 cm boyutlarinda on ii¢ adet beton blok

kullanilarak piiriizliiliikk elamanlar1 sasirtmali olarak yerlestirilmistir. Baraj membasi
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kret seviyesine gelene kadar yavasca doldurulmustur. Ustten asma deneylerinde baraj
yikilmasini tetiklemek icin barajin ekseninde iicgen gedik ac¢ilmistir. Borulanma
deneyinde su belirli bir seviyeye geldiginde durdurulmus ve borulanmanin
gerceklesmesi beklenmistir. Deneylerde su seviyesi kanalin solunda bulunan cetveller
barajin membasinda 1, mansabinda 3 tane olmak iizere 4 farkli noktada 6l¢tilmiistiir.
Ayrica ULS-40D ultrasonik seviye Olger sensorleri yardimiyla kanalin ekseninde 3
farkl1 noktada sediment ve su seviyesi Ol¢iilmiistiir. Her deney sonunda x ve y
eksenlerinde 10 cm araliklarla alinan sediment ytikseklikleri l¢tilmiistiir. Elde edilen
sediment Ol¢iimlerinden Surfer programi yardimiyla yikilan baraj gévdesinin kanal
boyunca yayilan sedimentin kontur ve 3 boyutlu batimetri haritalar1 ¢ikartilmistir.
Deney sonuglarina gore piiriizsiiz ve piiriizlii mansap kosullundaki deneylerde, piiriizlii
deneylerde sediment yiiksekligi daha fazladir. Ustten asma ve borulama deneylerinde,
Ustten agma baraj yikilmasinin sediment yiiksekligi borulanmaya gére daha yiiksektir.

Su derinligi ve suyun yayilmasinda, deneylerin arasinda belirli bir fark yoktur.

Anahtar Kelimeler: Toprak dolgu baraj, listten agma baraj yikilmasi, borulanma baraj

yikilmasi, piirlizsiiz taban, piiriizlii taban
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Chapter 1

Introduction

Dams are structures built for the purpose of accumulating water by preventing the flow
of large rivers or streams. Centuries ago, humanity's first purpose in building the dam
was to supply the water needs of the growing population and to irrigate agriculture.
According to the report presented by the World Commission on Dams (WCD), the
dams used to store water date back to BC. It dates back to 3000 BC [1]. Remains of
water storage dams found in Jordan, Egypt, and other parts of the Middle East date
back to at least 3000 BC [1]. With the development of civilizations, the needs of
society have changed and the importance of dams for society has increased. Today, in
addition to meeting the water needs of cities and irrigation of agricultural areas, dams
are used to obtain hydroelectric energy, prevent flooding, to provide water for industry,
transportation, and fishing purposes. Dams are divided into three in the literature
according to their size, purpose of construction, and filling/body material from which

the body is made.
1. Dams according to their size;

According to the International Commission on Large Dams (ICOLD) [2],'A dam with
a height of 15 meters or greater from lowest foundation to crest or a dam between 5
meters and 15 meters impounding more than 3 million cubic meters.' Dams outside the
definition of a large dam are called ponds (small dams), and dams with a height of

more than 50 m are called high dams.
2. Dams according to the purpose of construction;

According to the ICOLD, dams can be built for a single purpose or for multipurpose.

According to singe-purpose dams are classified as:



¢ Flood control 9%

e Hydropower 21 %

e Irrigation 47 %

e Fish farming/Navigation/Tailing 1%
e Recreation 5%

e  Water supply 12%

e Others 5%

According to multipurpose dams are classified as:

e Flood control 19%

e Hydropower 16%

e Irrigation 24%

e Fish farming/Navigation/Tailing 8%
e Recreation 11%

e  Water supply 17%

e Others 5%

3. Dams by filling/body material
According to the body material of the existing dams by the ICOLD;

e Earth-fill dams 65%

e Rockfill dams 13%

e QGravity dams 14 %

e Buttress dams 0.8 %

e Barrages 0.5 %

e Arch dams 4 %

e Multiple arch dams 0.2 %
e Others 2.5%

According to the report presented by ICOLD, the most common type of dam in the
world is a fill dam. The reason for this is that fill dams are easy to construct and are
more cost-effective than other types of dams. Fill dams are suitable for every valley.

A rigid foundation feature is not sought in its construction, it can be applied on all



kinds of ground. Since the filling material is natural materials that occur in nature, the
material costs are minimal for both rockfill and earth-fill dams. Labor is very less
compared to other types of dams. Most of the dam construction is completed with

machinery.

Earth-fill dams, which are the most common type of dam in the world, are divided into
two. These are homogeneous earth-fill and zoned earth-fill shown in Figure 1.1. One
type of material is used in the construction of the homogeneous earth-fill dam. Zoned
earth-fill dams are constructed using more than one material. The core zone and outer

shells are constructed of different materials.

shell core shell

(a) (b)
Figure 1. 1: Homogeneous (a) and zoned (b) earth-fill dam

Since dams accumulate large water bodies in their reservoirs, they are structures that
are built with high safety coefficients to prevent them for break. However, dams are
broken due to various reasons, and as a result of their breaks, serious material damage
and loss of life may result. As a result of the break of the dams, all living things in
nature; people, animals, and plants are harmed. For example; In the People's Republic
of China, on August 8, 1975, with the annual precipitation falling in just 24 hours, the
Bangiao and Shimantan Dams were destroyed and 11 million people were affected by
this disaster with the break of 62 dams of all sizes. During the flood, 26.000 people
lost their lives. Due to effects such as the fields destroyed by the flood and the inability
of people to reach clean drinking water, 145.000 more people lost their lives due to
hunger and epidemic diseases, and a total of 171.000 people lost their lives. Another
example is the break of Teton Dam on 5 June 1976, causing the death of 11 people

spread over an area of more than 250.000 acres in the reservoir water [3].

Reasons that can cause a dam to break are generally classified as natural causes (eg

heavy rains, storms, tsunamis, landslides, and earth-quakes) or anthropogenic causes



(e.g. dam design errors, water storage mismanagement, maintenance errors, intentional

dam, destruction, and terrorism) [4].

Overtopping and piping are common types of breaking dams. Overtopping is simply
when the water level upstream of the dam exceeds the dam's crest, causing erosion

downstream of the dam.

Piping break is the attempt of the water from the upstream of the dam to pass
downstream of the dam due to seepage, which is usually observed at the bottom or

middle of the dam by internal erosion.

In Figure 1.2 shows the development of the dam breach for overtopping and piping
givin by Brunner [5]. Costa et al. [6] according to, about 34% of dam breaks are caused
by overtopping, 30% by foundation defects, and 28% by piping. According to the
report of the ICOLD in Bozkus's study [7] 38% of dam breaks are caused by
insufficient spillway capacity, 33% by piping, and 23% by other reasons mentioned
above. Abay et al. [8] reported that the causes of dam breaks worldwide were 34%
overtopping, 30% foundation problems, 20% piping, 10% pipes and valves, and 6%
other causes. According to the report of the ICOLD earth- and rockfill dam breaks
49 % by overtopping, and 28% by piping.

Figure 1. 2: Overtopping and piping schematic drawing by Brunner [5]
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Table 1.1: List of major dam failures for overtopping and piping dam break type [9]

Dam Date Country  Fatalities Details
Upper Un- "
Hogs Back Dam  1829-04-03 Canada Kknown Piping
Iruka Lake Dam 1868 Japan 941 Overtopping
United .
Lower Otay Dam 1916 States 14 Overtopping
. British .
Tigra Dam 1917-08-19 India 1 000 Piping
Panshet Dam 1961-07-12 India 1 000 Piping
Vajont Dam 1963-10-09 Italy 2 000 Overtopping
Sempor Dam 1967-11-29  Indonesia 138 Overtopping
United .
Teton Dam 1976-06-05 States 11 Piping
United )
Laurel Run Dam  1977-07-19 Sfafes 40 Overtopping
Machchu-2 Dam  1979-08-11 India 5000 Overtopping
United .
Lawn Lake Dam  1982-07-15 States 3 Piping
Val di Stavadam  1985-07-19 Italy 268 Piping
Belci dam failiure  1991-07-29  Romania 25 Overtopping
Virgen Dam 1998 Nicaragua 0 Overtopping
Zeyzoun Dam 2002-06-04 Syria 22 Overtopping
Glashiitte dam 2002-08-12  Germany 0 Overtopping
Taum Sauk United .
CeSCIVOIr 2005-12-14 States 0 Piping.
Niedow Dam 2010-08-07 Poland 1 Overtopping
Sanford Dam, United .
Patricia Lake 2018-09-15 States 0 Overtopping
. . Overtopping and
Tiware Dam 2019-07-02 India 23 breached the dam.
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Table 1.1 shows the dams that have broken due to overtopping and piping from past
to present [9]. Although it is impossible to prevent all possible dam breaks, it is
possible to avoid the damage of breaks [9]. The design of each dam is unique and
therefore the development of break differs from dam to dam, even for dams of the
same type [11]. Therefore, making plans for the break of each dam that is built and
preventing and predetermining dam breaks will ensure that people living downstream
of the dam are evacuated in a shorter time and prevent possible loss of life. Thereupon,
various scientific studies have been carried out in the literature to prevent or reduce
the effects of disasters that may occur as a result of dam breaks. Various experimental
and modeling studies have been conducted to predict the flood that will occur as a

result of a dam break [12].

Shock wave occurs because the flood wave reaches its peak flow value in a very short
time as a result of a dam break. Due to this shock wave, large amounts of debris, solids,
and sediment are transported, causing scour and accumulating sediment in the
upstream areas of the dam. As a result, significant morphological changes may occur
downstream of the dam. In the literature, there are modeling and experimental studies
on this and many other dam breaks, and flood waves. In this study, the break of an
earth-fill dam is experimentally investigated. The aim of this study is to examine the
propagation of sediment to the downstream due to the dam break of an earth-fill dam
as a result of overtopping and piping with two different break mechanisms.
Experiments were carried out for the smooth and the rough condition in the
downstream region. In summary, a total of 8 experiments were carried out under 2
different break mechanisms, 2 different roughness conditions, and 2 repetitions.
During the break, the levels of the water were measured with the help of the
ULS 40-D device and metal rulers attached to the channel, and after the experiment,

the sediment heights and propagation downstream of the dam were examined.

1.1 Scope

In the first part of this thesis, dams and dams breaks is explained by making a short

introduction, the importance of the subject and the purpose of the study are explained.



In Chapter 2, experimental and numerical studies on dam breaks are summarized.

In Chapter 3, the experimental set-up, the devices used in the experiments, and the

experimental procedure are explained in detail.

In Chapter 4, the experimental results and the interpretation of the experimental

findings are given and the results are discussed.
In Chapter 5, conclusions are drawn, and suggestions for future work are made.

In the References section, all the references cited during the formation process of the

current study are included.



Chapter 2

Literature Review

In Chapter 2, numerical and physical studies in the literature on the break of earth-fill

dams are mentioned.

In the study published by Giingdr [14], the piping problem in earth-fill dams was
numerically solved using the finite element model. As a result of this study, it was
aimed to precisely find the velocity and potential value of the seepage flow in the dam

body.

Zorluer [13] published a study describing dam breaks with piping in earth-fill dams
and designed an internal drainage system that can prevent the earth-fill dam from
collapsing by piping. This internal drainage system is formed by laying thin and thick

filter materials in layers on the body at the downstream surface of the dam.

Foster et al. [15] presented the results of statistical analysis on earth-fill dam accidents
in their work. Accordingly, piping breaks affect earth-fill dams more than other types
of dams. In addition, it has been stated that the presence of rock fill downstream of the
dam is less likely to be destroyed by piping, and it has been stated that the probability
of piping occurring on soils affected by glaciation is high. Finally, it was explained
that excessive piping occurred in the first reservoir filling of the dam and

approximately 66.7% of each piping break occurred in the first 5 years of the dam.

Tingsanchali and Chinnarasri [16] conducted overtopping experiments on a

homogeneous dam body in a channel and modeled in a one-dimensional form.

Capart et al. [17] studied the hydrodynamic and geomorphic behavior of the dam-
breaking flow. The changes in the base morphology of the dam breaks in real life in

the literature were examined, and laboratory experiments and modeling studies were



carried out to determine the similarities between them and they found some qualitative
similarities in the debris flows. However, it was stated that the characteristics of the
land in the downstream region were effective in the changes in the base topography

(in the accumulation and scour zones).

Fell et al. Error! Reference source not found. presented an estimated method for
determining the time it takes for internal erosion and piping to occur that can cause
breaks in fill dams and foundations. In addition to determining this period, the
initiation, progression, and detection of internal erosion or piping are explained. As a
result of the study, it was concluded that the risk of piping is high in earth-fill dams

and it occurs in a short time, and continuous leakage should be observed.

Bozkus [7] conducted numerical breaks analyses of the break of the Kestel fill dam in
Turkey with its overtopping and found out when the peak elevations and flood flows
occurred in 6 sections determined in the downstream of the dam. According to the
results of the analysis, he explained that the areas in danger were the areas close to the
dam, and stated the importance of creating an emergency action plan and what needs

to be done.

Hanson et al. [18] performed 7 different experiments with and without cohesion in
order to better understand the process of break of the dam by overtopping and to
provide data for numerical modeling to be made, and the movement of overtopping
and breach erosion was observed. It has been determined that the most important effect

on the development of breach erosion is the properties of the soil material.

Wu and Wang [19] examined the bed forms formed as a result of a dam break due to

the flood wave.

Alcrudo and Mulet [20] carried out numerical modeling of the breaks of the Tous Dam
in Spain on October 20, 1922. The aim of this study is to obtain the flood wave
propagation, its downstream effects, and results in real-life dam failure in numerical

modeling.

Zhang et al. [23] compiled the details of common dam failures occurring around the
world and aimed to provide a better understanding of the causes and potential risks of

failure by conducting a statistical study on earth-fill dams since 66% of these failures



occurred in earth- dams. Among the 593 earth-fill dams that have been demolished
worldwide, 89.8% of the filling materials are unknown and the most destroyed 6.4%
of them are homogeneous earth-fill dams. 36.4% of the embankment dams were
destroyed due to overtopping, 42.5% due to piping reasons, 1.3% due to faulty
operation, 3% due to natural disasters, 5.2% due to other reasons, and 11.6% of them

were not known due to the reasons for the break.

Carrivick [24] investigated the effect of the water level downstream of the dam on the
development of the breach and the hydraulic changes of the flow, the effect of bed
roughness on the flow and suspended sediment transport. It has been stated that
suspended sediment transport causes energy loss and does not exhibit a mountainous
change downstream of the dam with the effect of bed roughness. It has been stated that
the propagation of the flood wave depends on the Froude number depending on the
reservoir height of the dam, the slowdown of the flow is associated with the decrease

of the Froude number over time, and other effective forces are examined in detail.

Kocaman and Giizel Error! Reference source not found. investigated the
propagation of the flood wave downstream as a result of a dam break, based on
experimental and mathematical studies, in 3D. Experimental results and finite volumes
method and the modeling they obtained in Flow-3D showed very high similarities in

propagation velocity and geometry.

Wu et al. [25] examined the studies on homogeneous earth-fill dams, especially on
overtopping and piping, and made evaluations to improve and develop the studies in
the literature. According to Wu, the biggest deficiency in the current studies is to
determine the erosion rate in the development of the breach, the sediment carried by
the flood wave. To address this deficiency, it is to improve modeling studies with

large-scale experiments and field studies.

Zhang et al. [26] carried out overtopping dam break experiments on a homogeneous
dam body from the laboratory channel. In study; homogeneous earth-fill dam by
overtopping dam break experiments were studied in one-dimensional and modeled in

one-dimensional.

Hsu et al. [27] examined the transport of sediment carried by the flood wave by

numerical modeling method and compared the flood wave formed as a result of the

10



break of the dam by taking snapshots from the experiments carried out to verify the
method. Compared to the experimental results, the water level spreading downstream
of the dam is higher beyond the downstream, as a result of which the flood wave

propagation downstream of the dam is in two different regimes.

Giiney et al. [28] constructed a distorted model of the Urkmez dam in Turkey and
conducted dam break experiments to examine the flood wave resulting from the dam
break. During the dam break, the depths of the flood wave were measured at 8 different
points, and the velocity at 4 different points with experimental devices. Downstream
of the dam, it has been observed that the flow velocities in the sparsely populated areas
are high and the flow rates are low in the dense areas, but the flow depths are high due

to the low flow rates in the dense areas.

Okeke and Wang [30] conducted experiments on the sloped channel bottom to evaluate
the piping mechanism in the dam body. As a result, they observed that there are 5 main
stages of piping. These are, respectively, “piping formation, development, fee

settlement, hydraulic fracturing, and slow demolition”.

Msadala Error! Reference source not found. has developed an equation that can be
used to determine the sediment carried by the break of the homogeneous earth-fill dam.
For this purpose, 87 laboratory experiments were performed using 3 different channel
base slopes and 3 different sediments. It has been stated that the empirical equation
developed based on the experimental results is compatible with some sediment

transport equations in the literature.

Haltas et al. [19] created flood maps in a GIS environment for the town of Urkmez as
aresult of the break of the Urkmez Dam. Haltas et al. [31] carried out a similar scenario
to generate flood maps of the downstream areas of the Porsuk Dam in Eskisehir and

the Alibey Dam in Istanbul.

Elci et al. [34] analyzed the spread of the flood wave in the downstream region as a
result of the break of the Porsuk and Alibey dams, which are close to the settlements
in Turkey. In the analysis performed by HEC-RAS and FLO-2D, the maximum flow
depths and velocities that may occur as a result of the breaks of the dams at their
downstream were determined, and the occurrence times of the flood wave were given

in detail for both dam break scenarios.
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Zhong et al. Error! Reference source not found. presented physically-based
modeling to calculate the breaking process of core dams. They validated their results
in the modeling using the data obtained from the break of the Banqgiao dam. They also
studied ten dam breaks including the Bangiao dam. It was stated that the analysis

results of the proposed modeling were more detailed than the parametric model.

Chen et al. [35] developed a new numerical model based on model tests of piping
cracks in earth-fill dams. The authors stated that the most important feature of their
study that distinguishes it from other modeling studies is that the cross-section of the
pipe channel is different from the others. It is stated that the new numerical model
developed gives better results than the NWS BREACH model and the first location

where the piping flow occurs has a significant effect on the estimation of the discharge.

Khosravi et al. [37] conducted an experimental study in order to find the differences
in the change in the bottom morphology of the river bed downstream of the dam as a
result of a dam break, in the case of uniform and non-uniform base material
downstream of the dam. As a result, the fine-grained substrates of the non-uniform
substrate were more stable, while the coarse-grained substrates exhibited more erosive
behavior. In other words, it can be said that the sediment transport at the non-uniform
base is high. In the experimental conditions where the water level in the reservoir is
high, it was observed that the thin base materials were transported more in the non-

uniform base, and the base material became coarser.

Azeez et al. Error! Reference source not found. break analysis of Um Al-Khair Dam

was carried out in 2D using the flood simulation HEC-RAS program.

Urzica et al. Error! Reference source not found. to test the flood control capacity of
the Baseu multiple reservoir system in Romania, the way the piping was breached was

considered in the Cal Alb dam break scenario.
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Chapter 3

Experimental Set-up and Procedure

This experimental study was carried out in a concrete channel 18 m long, 2 m wide
and 0.88 m deep in the Hydraulics Laboratory of Izmir Katip Celebi University
(Figure 3.1a). Water is supplied to the channel from the reservoir located on the lower
floor of the laboratory with the circulation system. From the main reservoir to the
channel with a volume of 24 m?, water reaches the channel with the help of pumps
through pipes (Figure 3.1b) and returns to the main reservoir through the cover at the

end of the channel.

(b)
Figure 3. 1: Channel
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The plan and side view of the channel are presented in Figure 3.2. The 1 m wide right
(4.93 m) and left (4.92 m) tributary arms, connected at a 45° angle symmetrically to
the sides of the main channel, were used to increase the water volume of the dam in
the reservoir. The dam body was constructed between x = 0 m and x = 2.02 m of the

main channel, 2 m wide, 2.02 m long, and 0.6 m high, as seen in Figure 3.2.

tributary channeds W waler volume
roe 1 %= 107 cm sedmant

3 xm 2 e O downstream area

Probe 3 x= 430 cm
[E] camera
LEFT SiDE

SJI'\ chanmnel

1840 cm
(a)
- 4 =
@ = ;]
5 8 5
L [t L
(e — '
190 e 548 e xB02cm___, 750 cm . [seddimen
LFETREAM hl ¥ DOWNSTREAM ran
(b)

Figure 3. 2: Experimental setup; plan (a) and side (b) view

The experiments were carried out in 2 different downstream conditions, smooth and
rough. 10x10%10 cm concrete cubes were used as the roughness element to represent
the settlements. The cubes are spaced equally between 3.47 m — 5.07 m of the channel

in 5 rows as shown in Figure 3.3.
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Figure 3. 3: Schematic representation of roughness elements

The homogeneous earth-fill dam body was constructed as six layers (Figure 3.4). The
first layer is 2 m wide and 2.02 m long. The dam body was constructed with a crest
width of 10 cm by changing the floor length of each layer. The upstream and

downstream slopes of the dam were constructed to be 32° (1:1.6) with a spirit level.
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Figure 3. 4: Dam body x-section
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While constructing the homogeneous dam body, approximately 1363 kg of sediment
with a grain diameter (dso) of 0.441 mm was used for each dam. The grain diameter

distribution graph is shown in Figure 3.5.
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Figure 3. 5: Sediment grain size distrubition

While constructing the dam, standard compression methods were used (ASTM-
D1557). Accordingly, the dam body was laid in 10 cm thick layers, and an iron weight
of 4.5 kg was dropped 10 times from a height of 46 cm and compressed. (Figure 3.6).
In order to compress the dam, the iron weight was dropped on the 40 cm x 40 cm plate
and used when compressing the 1° floor from the 5% floor, while the 20 cm x 20 cm

plate was used when compressing the 6 floor.

The construction of the dam body was built according to the layer widths given in
Figure 3.4 and the construction phase of laying and compaction from the 1° to the 6%
floor is shown in Figure 3.7. While the dam body was being constructed, the bricks for
the first floor were placed 2 m wide and 2.02 m long as in Figure 3.7a, and laid flat in
the sediment. The iron weight was dropped 10 times on a 40 cm x 40 cm plate and this
process was repeated at 25 points for the 1% floor, and the sediment compression

process was completed by making a total of 250 hits. The same procedure was

16



performed on the 2" floor, 3™ floor, 4™ floor, and 5™ floor. While the 6 floor was
being built, the iron weight was dropped on a 20 cm x 20 cm plate 10 times from a

height of 46 cm, and the compression process was completed.

Figure 3. 6: Compaction materials; iron weight and plate
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Figure 3. 7: Construction steps of the dam body uncompressed (right side) and
compressed (left side) a) 1% floor, b) 2™ floor, ¢) 3™ floor, d) 4" floor, e) 5™ floor,
f) 6™ floor
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After the compression process is completed, the bricks in the upstream and
downstream directions of the dam were removed and the construction of the dam body

was completed with the help of a digital protractor so that the downstream and

upstream slope of the dam was 32 °. (Figure 3.8)

Figure 3. 8: Arrange downstream and upstream slope of dam

For the overtopping experiments, a triangular breach of about 5 cm depth and 10 cm
width was open to trigger the dam body to break right in the middle. The dam body
whose construction has been completed for the overtopping and piping experiments

are given in Figure 3.9.

Figure 3. 9: Final state of the dam body for a) overtopping and b) piping experiments
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During the experiments, the water level was measured at 4 points with metal rulers
attached to the left of the channel. Ruler 0 (Ro) x =- 0.5 m, ruler 1 (R1) x =4.5 m,
ruler 2 (R2) x = 6 m, and ruler 3 (R3) x =7.5 m are positioned such that 1 of them is
downstream of the dam and the other 3 are upstream of the dam. (Figure. 3.10). In
addition, using the ULS-40D (Ultralab Level System) device, time-dependent precise
level measurement was made with the sensors of the device at 3 different points of the
channel longitudinal central axis during the experiment. One of these sensors is
x = 1.07 m of the Probe 1 channel. It is 5 cm below the crest level in the downstream
direction. Probe 2 is x = 2.02 m, at the end of the downstream skirt of the dam body,
and at Probe 3 x = 4.5 m. With the help of these sensors, 100 data per second is
obtained and depth changes are made with precise measurements. In addition, the most
important feature of the device is that it can work outside the current and measure

distance without disturbing the current.

Figure 3. 10: ULS40-D device and probe

During the experiment, two cameras were placed on the channel in order to observe
the propagation sediments of the dam body. Camera 1 is placed at x = 1 m transversal
central axis, in a position to show the change in the dam body exactly. The camera 2
is placed at the end of the channels at x = 9.5 m along to longitudinal central axis so

that it can see the downstream of the dam (Figure 3.11, Figure 3.12).
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Figure 3. 11: The final form of the dam body and measurement devices (cameras,
ULS probes, rulers) for smooth downstream conditions

Figure 3. 12: The final form of the dam body and measurement devices (cameras,
ULS probes, rulers) for rough downstream conditions
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Also colored lines were drawn at 50 cm intervals downstream of the dam to determine

the rate of progression of the sediment and water mixture along the channel.

In the dam break overtopping scenario, the dam' reservoirs water level was increased
until the water exceeds the breach. After the water had passed through the breach, the
experiment started and the measurements were taken. In the piping test, after the water
reached a certain level in the reservoir of the dam, the pump was turned off and the
test period was started. The filling times, water levels, and volumes of the reservoir

are presented in Table 3.1.

Table 3. 1: Dam resevoirs information before dam break

Filling time (min:s) ~ Water Level (cm) Volume (m?)
Overtopping OS1 11:29 57 12.53
Smooth
(0S) 082 23:30 53.5 11.75
Overtopping ORI 13:04 58 12.76
Rough
(OR) OR2 12:18 55 12.09
Piping PS1 09:19 53 11.64
Smooth
(PS) PS2 12:37 51 11.19
Piping PR1 13:10 53.8 11.82
Rough
(PR) PR2 12:33 53 11.64

Measurements were carried out at the end of the experiment in order to determine the
regional distribution of the height of the sediment to be propagated to the downstream
region after the dam break, and the sediment height profile was obtained after the
break. In this measurement, the channel length was accepted as the x-axis, the channel
width as the y-axis, and the sediment height as the z-axis. Sediment height

measurement was made at 10 cm intervals on the x and y axes. Sediment depth
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measurements were taken with the sensor of the ULS40-D device and by transferring
these measurements to the SURFER digital program, a bathymetry map and contour

graph were created.

In summary, a total of 8 experiments were performed under 2 different break
mechanisms (overtopping and piping), 2 different roughness (smooth and rough), and

2 repetition conditions.
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Chapter 4

Experimental Results

In this chapter, the results for each experimental scenario are presented and the
experiments are compared with each other. The first scenario is the overtopping
experiment in the smooth downstream condition, the second scenario is the
overtopping experiment in the rough downstream condition, the third scenario is the
piping experiment in the smooth downstream condition, and the fourth scenario is the
piping experiment in the rough downstream condition. Under four different scenario
conditions, the experiments in the first and second scenarios were a dam break from
the middle. The experiments in the third and fourth scenarios dam break from the right
side. OS1 experiment in the first scenario, OR1 experiment in the second scenario,
PS1 experiment in the third scenario, and PR1 experiment in the fourth scenario was

presented. Other experiments are presented in the appendices.

4.1 Presentation of Results

When the results of the dam break experiments were examined, the experiment times
of each experiment, the height of the reservoir, the start movement time of the
sediment, and the change in the water level showed differences from each other. More
than one calculation was made to determine the appropriate moment to of the 8
experiments. These are respectively; the to value was taken as the passage of water and
sediment from a certain point in the channel (50 cm away from the end of the dam),
the moment of stopping the water level in the reservoir (the moment of closing the
pump), the moment when the first water level drops in Ro. However, the time to

determined for each experiment was not found suitable for both piping and
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overtopping experiments to be compared with each other. ULS-40D measurements
were not used in the to calculations because not all experiments have ULS-40D
measurements. Since the dam bodies break from the middle and the left wall, and the
ULS-40D measurements were taken in the longitudinal axis, the obtained ULS-40D
could not be used to determine the to moment in the data. In the experiments, the
maximum water level in the reservoir varied between 51 cm and 58 cm. It has been
observed that the output hydrographs of the experiments show almost a similar
decrease curve. Therefore, in order to compare the results of the overtopping and
piping experiments with each other, the water levels taken with Ro were determined at

to using the feature scaling / min-max normalization method.

Min-max normalization, one of the most widely used methods in data scaling, refers
to the reduction of the data set so that the available data falls within the range of 0 to
1 [38]. The purpose of normalization is to bring the data to a common range, to ensure
that they can be compared, and to eliminate large differences between the data. In the
normalization process, all data were brought to the range of 0 - 1 by dividing each
water level data by the maximum water level. The equation used for normalization is

as in Equation 1. Here z refers to the level.

Z —min (z)

[

"~ max (z) — min(2)

7 (4.1)

After the normalization, it is seen that approximately the first 50 seconds of the output
hydrographs of all experiments overlap as shown in Figure 4.1. Accordingly, the
moment when the graphs started to overlap was accepted as the starting time (0 s) of
all experiments, and 5 minutes before the found '0' moment is determined as the to
moment. In order to be able to evaluate and show the results of all experiments within
each other, the same moment, to, was determined with each experiment. While
comparing the experiments, the results such as the 'special moments' we observed
during the experiment, the water coming to Ri, and the progress differences of Ri, R,

and R3 were evaluated for each experiment in itself.
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Figure 4.1: t = 0 s when the output hydrographs of all experiments are overlapped

4.2 First Scenario: Overtopping Dam Break Type,

Smooth Downstream Condition

Simultaneous images of the OS1 experiment at camera 2 (left column) and camera 1
(right column) at 282 s, 307 s, 322 s, 342 s, 357 s, and 387 s are given in Figure 4.2.
When t = 260 s, the water has passed over the breach. The propagation of water flow
and sediment downstream of the dam after the water crosses the breach, and the
widening of the breach in the dam body is presented in Figure 4.2. (a - ), respectively.
The breach in the dam body expanded rapidly within 82 s (Figure 4.2 (a - d)) from the
top. After 20 seconds, the sediment-water flow mixture propagated completely along
the channel (Figure 4.2.b). As seen in Figure 4.2.d, it was observed that a hydraulic
jump occurred at approximately 5 m in the longitudinal axis. This splash that occurred
expanded towards the right and left walls of the channel, advanced towards the

upstream (Figure 4.2.d), and disappeared (Figure 4.2.¢). At the end of 387 seconds,
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while there is no visible change in the sediment propagation, the water flow continues

(Figure 4.2.1).

The time for the sediment and water mixture to reach the first red line (x = 2.5 m) after
water pass from the breach is 22 s (Figure 4.2 a), from the red line to Ri1 is 15 s, from

Rito R21s 7 s, and from the Rz to come to R3 is 3 s.
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Figure 4.2 : Camera 2 (flow and sediment transport at downstream area) and Camera
1 (stages of breach formation) at a) 282 s, b) 307 s, ¢) 322 s, d) 342 s,
e) 357 s, f) 387 s for experiment OS1

In Figure 4.3, a photograph of the sediment propagation that occurred after the dam
break at the end of the OS1 experiment is presented. As seen in the figure, it is observed
that the sediment height is shallower in the area closer to the longitudinal axis due to
the high velocity water flow in the area approximately 4 m from the downstream skirt
of the dam. It was observed that the height was higher near the walls on the right and

left sides of the sediment channel and the sediment was propagated along the channel.

Figure 4.3: Sediment propagation of end the experiment OS1

28



At the end of the experiment, sediment height measurements taken at 10 cm intervals
on the x and y axis, a two-dimensional contour map, and a three-dimensional
bathymetry map obtained with Surfer software were created and presented in Figure
4.4. As shown in Figure 4.4, between 5 m and 6 m is the region with the highest
sediment height. The sediment heights between 3.5 m and 8 m along the channel are
higher on the right and left sides of the channel, and lower on the longitudinal axis.

The body of the dam was mostly exposed to erosion between 50 cm and 150 cm.

Zijem)

X{cm)

Z (cm)

Figure 4.4: 2D and 3D contour maps of sediment distribution at the end of OS1

Symmetrical with respect to the longitudinal axis of experiment OS1, y = 0 cm and

200 cm, y = 12.5 cm and 187.5 cm, y =25 cm and 125 cm, y = 43.75 cm and 156.25
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cm, y = 62.5 cm and 137.5 cm, y= 81.25 cm and 118.75 cm, and y = 100 cm and
x = 100 cm with longitudinal and traversal axes graphs of sediment heights are
presented in Figure 4.5. Accordingly, in the cross-sections that are symmetrical to each
other between y =0 cm and y = 200 cm (y = 0 cm and 200 cm, y = 12.5 cm and 187.5
cm,y=25cmand 125 cm, y =43.75 cm and 156.25 cm, y = 62.5 cm and 137.5 cm,
y =62.5 cm and 137.5 cm, y = 81.25 cm and 118.75 cm), the approximate sediment

heights are almost similar.

y =0 cmand y =200 cm while the maximum sediment height in the dam body is 52.4
cm and 54.3 cm, respectively. The sediment height is 5.1 cm at x = 2.02 m, the
maximum sediment height is 5.1 cm between x =2 m and x =4 m, and the maximum
sediment height is between x =4 mand x =6 mis 3.8 cmaty=12.5 cmand 4.9 cm
aty=187.5cm, betweenx =6 mand x=8mis4.2cmaty=12.5 cm and 4.6 cm at
y=187.5 cm, between x =8 mand x=9.5mis3.5cmaty=12.5cmand 1.1 cm at

y=187.5 cm.

y=12.5 cm and y = 187.5 cm while the maximum sediment heigt in the dam body is
51 cm and 49.1 cm, respectively. The sediment height at x = 2.02 m is 5.4 cm at
y = 12.5 cm and 5.1 cm at y = 187.5 cm. The maximum sediment height between
x=2mandx=4mis 54 cmaty=125cmand 5.1 cm aty = 187.5 cm, between
x=4mandx=6mis 6.5 cmaty=12.5 cm and 4.9 cm at y = 187.5 cm, between
x=6mand x =8 mis 5.7 cmaty = 12.5 cm and 4.6 at y = 187.5 cm, between

x=8mandx=95mis3.1cmaty=125cmand 1.1 cmaty=187.5 cm.

y =25 cm and y = 175 cm while the maximum sediment height in the dam body is
44.8 cm and 46.5 cm, respectively. The sediment height at x = 2.02 m is 5.9 cm at
y=25cmand 6.5 cm aty = 175 cm. The maximum sediment height between x =2 m
andx=4mis 59 cmaty=25cmand 6.5 cm aty = 175 cm, between x =4 m and
Xx=6mis 6.8 cmaty=25cmand 6.8 cmaty= 175 cm, between x = 6 m and
x=8mis6.2cmaty=25cmandy =175 cm, between x =8 mand x =9.5 mis 3.2

cmaty=25cmand 2.5cmaty =175 cm.

y=43.75 cm and y = 156.25 cm while the maximum sediment height in the dam body
i1s 35.1 cm and 36.8 cm, respectively. The sediment height at x =2.02 m is 5.9 cm at
y =43.75 cm and 5.6 cm at y = 156.25 cm. The maximum sediment height between
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x=2mandx=4mis 59 cmaty=43.75cmand 5.6 cm at y = 156.25 cm, between
x=4mandx=6mis 5.5cmaty=43.75cmand 6.9 cmaty=156.25 cm, between
x=6mandx=8mis5.7cmaty=43.75cmand 6.1 cmaty=156.25 cm, between
x=8mandx=9.5mis3.5cmaty=43.75 cmand 2.2 cmaty=156.25 cm.

y=62.5 cmandy = 137.5 cm while the maximum sediment height in the dam body is
22.7 cm and 22.3 cm, respectively. The sediment height at x = 2.02 m is 4.8 cm at
y = 62.5 cm and 5.4 cm at y = 137.5 cm. The maximum sediment height between
x=2mandx=4mis4.8cmaty=62.5cmand 54 cmaty=137.5 cm, between
x=4mandx=6mis 4.9 cmaty=62.5cmand 6.1 cm aty = 137.5 cm, between
x=6mand x=8mis4.5cmaty=62.5cmand 5.2 cmaty = 137.5 cm, between

x=8mandx=95mis3cmaty=625cmand 2.2 cmaty=137.5 cm.

y=81.25 cmand y = 118.75 cm while the maximum sediment height in the dam body
is 10.8 cm and 10.2 cm, respectively. The sediment height at x = 2.02 m is 4.6 cm at
y =81.25 cm and 4.9 cm at y = 118.75 cm. The maximum sediment height between
x=2mandx=4mis4.8cmaty=_81.25cmand 5 cm aty = 118.75 cm, between
x=4mandx=6mis 3.7cmaty=28l.25cmand4.3 cmaty=118.75 cm, between
x=6mand x=8mis4 cmaty=81.25cmand 4.2 cm aty = 118.75 cm, between

x=8mandx=95mis23cmaty=81.25cmand2.2cmaty=118.75 cm

y = 100 cm while the maximum sediment height in the dam body is 6.7 cm. The
sediment height at x = 2.02 m is 4.1 cm. The maximum sediment height between
x=2mand x =4 mis 4.5 cm, between Xx =4 m and x = 6 m is 3.7 cm, between
x=6mand x =8 mis 4.1 cm, between x =8 m and x = 9.5 m is 2.2 cm. It is the
section with the lowest sediment height at y=100 cm. The reason for this is that since
the dam body break is in the middle, the fastest water flow occurred in this section,
occurrence more sediments to be transported. It is possible to say that almost half of

the dam body is exposed to erosion at x = 100 cm.
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Figure 4.5: Longitudinal sediment height profiles measured at a) y =0 cm and 200
cm, b) y=12.5 cm and 187.5 cm, ¢)y =25 cm and 125 cm, d) y =43.75 cm and
156.25 cm, e)y = 62.5 cm and 137.5 cm, f) y=81.25 cm and 118.75 cm, and g)y =
100 cm and along the channel width and, transversal crest section of the dam at

h) x =100 cm of OS1

Figure 4.6 a shows the levels measured by Probe 1, Ro for OS1, Figure 4.6.b Ri, Ro,
R3, Probe 2 and Probe 3. Probe 1 shows the elevation change at the dam body
(x = 1.07 m), and Probe 2 shows the elevation change at the end of the dam body
(x =2.02 m). Probe 3 and R take measurements from the same section (x =4.5 m) on
the x-axis, but Probe 3 measures the level change on the longitudinal axis, on the left

wall of the Ri channel (y =200 cm).

Accordingly, in Figure 4.6. a, it can be said that the decrease in the dam body
(Probe 1) started to decrease later than the decrease in the water level, but the decrease
in the level was faster. Probe 1 and Ro reached the same level at 344. sec and the level
decrease continued at the same rate for about 32 seconds. After 376 seconds, the level
in Probe 1 decreased more than Ro. In Probe 1, the maximum level decreased from 55
cm to 5.5 cm. Ro decreased from 57 cm to 8.3 cm. In Figure 4.6.b, the maximum water
level is 343 s,352s, 17 cm, 12 cm, and 16 cm at 352 s at Ri, Rz, and R3, respectively.
The maximum water level at Probe 2 and Probe 3 is 8.7 cm and 18.1 cm at 367 s and

395 s, respectively.
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Figure 4.6: Level measurements for OS1 experiment a) measured from Ro and

Probe 1, b) measured from Ri, R2, R3, Probe 2 and Probe 3

4.2.1 Repeatability of First Scenario Experiments

The first break scenario was performed in 2 repetitions under the same condition. In
Figure 4.7, for experiments OS1 and OS2 sediment height graphs y = 0 cm and 200
cm,y=12.5cmand 187.5 cm, y =25 cm and 125 cm, y =43.75 cm and 156.25 cm,
y=62.5cm, 137.5 cm, y= 81.25 cm and 118.75 cm, y = 100 cm and x = 100 cm are
given. Accordingly, it is seen that the sediment section graphs of the experiments
carried out in the smooth downstream condition are compatible with each other and

the sediment distributions are almost the same.
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Figure 4.7: Longitudinal sediment height profiles measured at a) y = 0 cm and 200
cm, b) y=12.5 cm and 187.5 cm, ¢)y =25 cm and 125 cm, d) y =43.75 cm and
156.25 cm, e)y = 62.5 cm and 137.5 cm, f) y=81.25 cm and 118.75 cm, and g)y =
100 cm and along the channel width and, transversal crest section of the dam at

h) x =100 cm of OS1 and OS2
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For the OS2 experiment, the time for, the sediment and water mixture to reach the first

red line after water pass from the breach is 86 s, from the red line to Riis 22 s, from

Rito Rz is 3 s, and from the R2 to come to R3 is 3 s. In the OS2 experiment, the time

for the sediment to come to the red line after water pass from the breach is 64 s, the

time to reach R from the red line is 7 s longer then OS1, and the time from Ri to Rz

is 4 s shorter then OS1 experiment. Figure 4.8 shows the graph of the measurements

of Ro, R1, R2, R3, Probe 1, Probe 2 and Probe 3 measurements of experiment OS1 and

Ro and Rs3 of experiment OS2. Accordingly, it is seen that the ruler and probe

measurements are compatible with each other in the experiments.

60

50

40

z {cm)

30

20

10

RO and Probe 1

0S1-RO

— — — 0S1-Probe 1

0 200 400 600 800

R1 and Probe 3

— — — 051-Probe 3

200

t(s)

__5,30
~

R3

t(s)

Probe 2

— — — 0S1-Probe 2

t‘
| (T
“ AN e e e ———
200 400 600 800

t(s)

R2

——0S1-R2

H

200 400 600 800
t(s)

Figure 4.8: Level measurements for experiment OS1 and OS2 experiments measured

from a) Roand Probe 1, b) Probe 2, ¢) Ri and Probe 3, d) R2 and e) R3
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4.3 Second Scenario: Overtopping Dam Break Type,

Rough Downstream Condition

The simultaneous images of the OR1 experiment in camera 2 (left column) and camera
1 (right column) at 278 s, 304 s, 309 s, 320 s, 342 s, and 402 s are given in Figure 4.9.
When t = 240 s, the water has passed over the breach. The propagated water flow and
sediment downstream of the dam after the water crosses the breach, and the widening
of the breach in the dam body is presented in Figure 4.9 (a-e), respectively. The breach
in the dam body widened rapidly within 102 s (Figure 4.9 (a-d)) from the top. The
water and sediment mixture completely covered the roughness region 38 s after
overtopping from the breach, and hydraulic jumps were observed around the cubes as
they progressed downstream (b-e). At t=304 s, the hydraulic jump (b) on the upstream
side increased and continued for 16 s (c, d) and then disappeared with a decrease in

intensity (e, f).
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Figure 4.9: Camera 2 (flow and sediment transport at downstream area) and Camera
1 (stages of breach formation) at a) 278 s, b) 304 s, ¢) 309 s, d) 320 s, €) 342 s,
f) 402 s for experiment OR1

The time differences for the sediment and water mixture to reach the first red line after
water pass from the breach is 39 s, from the red line to R is 21 s, from Ri1to R2is 3 s,

and from the R> to come to Rz is 4 s.
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Figure 4.10 shows a picture of sediment propagated along the channel at the end of the
ORI1 experiment. Almost half of the dam body (middle part) was moved downstream.
While high sediment heights are observed around the concrete blocks close to the right
and left sides of the channel, some blocks are almost buried under the sediment. There
was no sediment accumulation around the blocks located in the areas where the flood

wave was severe, especially in the middle block in the first row close to the dam body.

Figure 4.10: Sediment propagation of end the experiment OR 1

Three-dimensional bathymetry and contour maps are presented in Figure 4.11. The
sediment heights around the blocks vary between 0 cm and almost 10 cm depending
on the location of the block. As can be seen in Figure 4.11, most of the sediment
accumulation from the dam body has accumulated around the cubes close to the right

and left banks, and in the region close to the downstream of the roughness elements.
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Figure 4.11: 2D and 3D contour maps of sediment distribution at the end of OR1

Symmetrical with respect to the longitudinal axis of experiment OR1, y = 0 cm and
200 cm, y = 12.5 cm and 187.5 cm, y =25 cm and 125 cm, y =43.75 cm and 156.25
cm, y = 62.5 cm and 137.5 cm, y= 81.25 cm and 118.75 cm, and y = 100 cm and
x = 100 cm with longitudinal and traversal axes graphs of sediment heights are

presented in Figure 4.12.

Accordingly, in the cross-sections that are symmetrical to each other between y = 0
cm and 200 cm, y = 12.5 cm and 187.5 cm, y = 25 cm and 125 cm, y = 43.75 cm and

156.25 cm, the approximate sediment heights are almost similar like OS1 experiment.

y =0 cm and y = 200 cm while the maximum sediment height in the dam body is 57.5
cm and 57.6 cm, respectively. The sediment height at x = 2.02 m is 3.3 cm at
y =0 cm and 6.3 cm at y = 200 cm. The maximum sediment height between x =2 m
and x =4 mis 6.6 cmaty =0 cm and 6.3 cm at y = 200 cm, between x = 4 m and
x=6mis 9.5 cmaty =0 cm and 9.4 cm at y = 200 cm, between x = 6 m and
x=8mis34cmaty=0cmand3.9cmaty=200cm, between x =8 mand x =9.5

mis 1.8 cmaty=0cmand 1.1 cm aty =200 cm.

y =12.5 cm and y = 187.5 cm while the maximum sediment heigt in the dam body is
57.5 cm and 57.6 cm, respectively. The sediment height at x = 2.02 m is 4 cm at

y = 12.5 cm and 5.2 cm at y = 187.5 cm. The maximum sediment height between
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x=2mandx=4mis7.2cmaty=12.5cmand 7.8 cm at y = 187.5 cm, between
x=4mandx=6mis 9.2 cmaty=12.5 cm and 9.4 cm at y = 187.5 cm, between
x=6mand x =8 mis 4.5 cmaty=12.5 cm and 4.7 at y = 187.5 cm, between

x=8mandx=95misl.5cmaty=125cmand 1 cmaty=187.5 cm.

y =25 cm and y = 175 cm while the maximum sediment height in the dam body is
57.6 cm and 54.8 cm, respectively. The sediment height at x = 2.02 m is 5.7 cm at
y=25cmand 5.2 cm at y = 175 cm. The maximum sediment height between x =2 m
andx =4 mis 8.6 cmaty=25cm and 8.5 cm aty =175 cm, between x = 4 m and
x=6mis 88 cmaty =25cmand 8.9 cm aty = 175 cm, between x = 6 m and
x=8mis4.3cmaty=25cmand 4.6 aty= 175 cm, betweenx =8 mand x =9.5 m

1s09cmaty=25cmand 1.3 cmaty=175 cm.

y=43.75 cm and y = 156.25 cm while the maximum sediment height in the dam body
is 48.2 cm and 36.6 cm, respectively. The sediment height at x = 2.02 m is 6.6 cm at
y=43.75 cm and 5.7 cm at y = 156.25 cm. The maximum sediment height between
x=2mandx=4mis7.5cmaty=43.75cmand 7.5 cm at y = 156.25 cm, between
x=4mandx=6mis 7.3 cmaty=43.75 cmand 7.7 cm at y = 156.25 cm, between
x=6mandx=8mis5cmaty=43.75cmand 5.2 cm aty = 156.25 cm, between

x=8mandx=9.5mis 1.7cmaty=43.75 cmand 1.8 cmaty = 156.25 cm.

y=62.5 cmand y = 137.5 cm while the maximum sediment height in the dam body is
31.1 cm and 18.5 cm, respectively. The sediment height at x = 2.02 m is 5.5 cm at
y = 62.5 cm and 6.9 cm at y = 137.5 cm. The maximum sediment height between
x=2mandx=4mis 9.5 cmaty=62.5 cm and 9.2 cm at y = 137.5 cm, between
x=4mandx=6mis 9.5 cmaty=62.5 cm and 9.3 cm at y = 137.5 cm, between
x=6mand x=8mis 5.3 cmaty=62.5cmand 5 cm aty = 137.5 cm, between

x=8mandx=95mis l.7cmaty=625cmand2cmaty=137.5 cm.

y=81.25 cmand y = 118.75 cm while the maximum sediment height in the dam body
is 9.7 cm and 8.4 cm, respectively. The sediment height at x = 2.02 m is 6 cm at
y =81.25 cm and 5.9 cm at y = 118.75 cm. The maximum sediment height between
x=2mandx=4mis7.2cmaty=81.25cmand 8.7 cmaty = 118.75 cm, between

x=4mandx=6mis 83 cmaty=_81.25cmand 7.7 cm at y = 118.75 cm, between
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x=6mand x =8 mis 5.9 cmaty=81.25 cm and 4.6 cm at y = 118.75cm, between

x=8mandx=9.5mis2.1cmaty=8l.25cmand 2.2 cmaty =118.75 cm.

y = 100 cm while the maximum sediment height in the dam body is 8.4 cm. The
sediment height at x = 2.02 m is 4.9 cm. The maximum sediment height between
x=2mand x=4mis 9.8 cm, between x =4 mand x =6 mis 9.5 cm, between x =6
m and x =8 m is 4.9 cm, between x =8 m and x = 9.5 m is 1.9 cm. As in the OS3
experiment, it is the section with the lowest sediment height at y = 100 cm. It is possible

to say that almost half of the dam body is exposed to erosion at x = 100 cm.

El y=0em y =200 cm

— R

z{em)
= 5 B 8 & B
z{em)
= 5 B 8 & B
]

& -

0 50 100 150 200 250 300 350 400 450 500 550 BOD 650 700 750 SO0 850 900 950 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 900 950

% {cm) % {cm)

E y=12.5cm y=187.5cm

50 o 50 —oR1
40 40
E 30 30
20 20
10 10
0 0

0 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 900 950 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 8§00 850 900 950

x{cm) fem)

y=25cm y=175cm

50 —oR1 50 —o0R1
0 )
E 30 Ex
20 20
10 10
o o

0 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 900 950 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 BOO 850 900 850

xfem) x fem)

@ y=43.75cm y=156.25cm

—OR1

ziem)

T

o

2jem)

f

o

—OR1

2(em)

= B8 B & &
ziem)

o B B 8 B

0 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 900 950 0 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 BOO 850 900 850

xfem) x fem)



E y=625cm y=137.5cm

€0 60

—o0R1 0 —on1

S0 530
20 20
L 0

0 50 100 150 200 250 300 350 400 450 500 550 600 €50 700 750 800 850 900 950 0 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 %00 950
xlem) x {cm)

y=81.25¢cm y=118.75cm

60 60

—oR1 0 —on1

0 50 100 150 200 250 300 350 400 450 500 550 600 €50 700 750 800 850 900 950 0 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 %00 950
xlem) x {cm)

@ y=100cm

—OR1

o
0 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 B0 850 900 950 ] % s 7 100 138 1m0 s 20
x{cm) ¥ (em)

Figure 4.12: Longitudinal sediment height profiles measured at a) y = 0 cm and 200
cm, b) y=12.5 cm and 187.5 cm, ¢)y =25 cm and 125 cm, d) y =43.75 cm and
156.25 cm, e)y = 62.5 cm and 137.5 cm, f) y=81.25 cm and 118.75 cm, and g) y =
100 cm and along the channel width and, transversal crest section of the dam at h) x

=100 cm of OR1

Figure 4.13.a shows the levels measured by Probe 1, Ro for OR1, Figure 4.13.b R1, Ro,
R3, Probe 2 and Probe 3. Accordingly, the decrease in the dam body (Probe 1) in Figure
4.13 a, the decrease in the water level is almost the same until 370 s. After 370 seconds,
the level in Probe 1 decreased more than in Ro. In Probe 1, the maximum level
decreased from 55 cm to 5.2 cm. Ro decreased from 58 cm to 9 cm at the end of 800
seconds. In Figure 4.13 b, the maximum water level in 328 s, 354 s, 347 sis 13 cm, 13
cm, and 14.5 cm at R1, R2, and R3, respectively. The maximum water level at Probe 2

and Probe 3 is 7.7 cm and 15.7 cm at 404 s and 377 s, respectively.
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Figure 4.13: Level measurements for OR1 experiment a) measured from Ro and

Probe 1, b) measured from Ri, R2, R3, Probe 2 and Probe 3

4.3.1 Repeatability of Second Scenario Experiments

The second break scenario was performed in 2 repetitions under the same condition.
In Figure 4.14, for experiments OR1 and OR2 sediment height graphs y = 0 cm and
200 cm, y =12.5 cm and 187.5 cm, y =25 cm and 125 cm, y =43.75 cm and 156.25
cm,y =62.5 cm, 137.5 cm, y= 81.25 cm and 118.75 cm, y = 100 cm and x = 100 cm
are given. Accordingly, it is seen that the sediment section graphs of the experiments
carried out in the rough downstream condition are compatible with each other and the

sediment distributions are almost the same.
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Figure 4.14: Longitudinal sediment height profiles measured at a) y = 0 cm and 200
cm, b) y =12.5 cm and 187.5 cm, ¢) y =25 cm and 125 cm, d) y =43.75 cm and
156.25 cm, e)y = 62.5 cm and 137.5 cm, f) y= 81.25 cm and 118.75 cm, and
g) y = 100 cm and along the channel width and, transversal crest section of the dam

at h) x =100 cm of OR1 and OR2

45



For the OR2 experiment, the time diffrences for the sediment and water mixture to

reach the first red line after water pass from the breach is 32 s, from the red line to Ri

is 16 s, from Ri1 to Rz is 7 s, and from the R2 to come to R3 is 4 s. In the OR2

experiment, the time for the sediment to come to the red line after water pass from the

breach is 7 s, the time to reach Ri from the red line is 5 s shorter then OR1, and the

time from R to Rz is 4 s longer then OR1 experiment.

Figure 4.15 shows the graph of the Ro, Ri, R2, R3, Probe 1, Probe 2, and Probe 3

measurements of the OR1 and OR2 experiments. Accordingly, it is seen that the ruler

and probe measurements are compatible with each other in the experiments.
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Figure 4.15: Level measurements for experiment OR1 and OR2 experiments

measured from a) Ro and Probe 1, b) Probe 2, ¢) R1 and Probe 3, d) Rz, and ¢) R3
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4.4 Third Scenario: Piping Dam Break Type, Smooth

Downstream Condition

Simultaneous images of the PS1 experiment in camera 2 (left column) and camera 1
(right column) at 137 s, 283 s, 297 s, 329 s, 347 s, and 427 s are given in Figure 4.16.
The downstream skirt of the dam started to slide after 81 s and almost half of it was
eroded within 137 seconds (Figure 4.16 a). The body of the dam continued to be eroded
up to the crest level until the 283™ second, and the crest of the dam was thinned and
the water overflowed from the left bank over the crest (Figure 4.16 b). From the left
bank to the middle of the channel, the breach widened rapidly within 64 seconds as in
Figure 4.16 c-e. As the water and sediment mixture progressed downstream, a
hydraulic jump was observed in approximately 6.5 m of the channel and it increased
towards the dam body (Figure 4.16 d-e). After t = 427 s, there was no visible change

in sediment distribution.

In the piping experiments, the downstream skirt of the dam was eroded before the
sediment in the dam body propagated downstream and the water seepage covered the
channel. 44 s after the water started to seepage from the skirt of the dam, it reached the
first red line. It took 70 s for the seepage water to reach Ri from the red line, 40 s to
reach Rz from Ri, and 73 s to reach R3 from Ro. After the water and sediment mixture
started to propagate downstream, it took 6 s to reach Ri, 3 s to reach R from Rz, and
4 s to reach R3 from Ra. Water reached Rz in 110 s and the water and sediment mixture

reached Rz in 179 s after water passed the first red line.
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Figure 4. 16: Camera 2 (flow and sediment transport at downstream area) and
Camera 1 (stages of breach formation) at a) 137 s, b) 283 s, ¢) 297 s, d) 329 s,
e) 347 s, ) 427 s for experiment PS1
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Figure 4.17 shows the final state of sediment propagation after the experiment is
complated. As seen in the figure, approximately 50 cm of the dam body from the right
bank has been completely eroded, and between 50 cm and 100 cm, the sediment in the
dam body has been partially transported. The fact that the flood wave came from the

left bank caused the flow to be faster on this axis, and as a result, it caused the sediment

to accumulate more on the right wall.

Figure 4.17: Sediment propagation of end the experiment PS1

Contour and bathymetry maps obtained by using the sediment heights obtained as a
result of the measurements are presented below in Figure 4.18. According to the bed
topography data, the maximum sediment height is between 5.3 m and 8.9 m on the
right side of the channel. It can be said that in the region where the water velocity is

high, there are values where the sediment depth is 0 between 4 m and 5 m.
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Figure 4.18: 2D and 3D contour maps of sediment distribution at the end of PS1

Symmetrical with respect to the longitudinal axis of experiment PS1, y =0 cm and 200
cm,y = 12.5 cm and 187.5 cm, y =25 cm and 125 cm, y = 43.75 cm and 156.25 cm,
y=62.5cmand 137.5 cm, y= 81.25 cm and 118.75 cm, and y = 100 cm and x = 100
cm with longitudinal and traversal axes graphs of sediment heights are presented in

Figure 4.19.

y =0 cmand y =200 cm while the maximum sediment height in the dam body is 49.1
cm and 4.2 cm, respectively. The sediment height at x = 2.02 m is 13.8 cm at
y =0cm and 2.2 cm at y = 200 cm. The maximum sediment height between x =2 m
andx =4 mis 13.8 cmaty =0 cm and 2.2 cm at y = 200 cm, between x = 4 m and
x=6mis 1.8 cmaty =0 cm and 1.9 cm at y = 200 cm, between x = 6 m and
x=8mis 1.l cmaty=0cmand2.1 cmaty=200 cm, between x =8 mand x =9.5

mis0.4cmaty=0cmand 1.7 cm aty = 200 cm.

y =12.5 cm and y = 187.5 cm while the maximum sediment heigt in the dam body is
49.9 cm and 5.6 cm, respectively. The sediment height at x = 2.02 m is 13.8 cm at

y=12.5cmand 2 cm at y = 187.5 cm. The maximum sediment height between x = 2
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mandx=4mis 13.8cmaty=12.5cmand 2.7 cm at y = 187.5 cm, between x =4 m
andx=6mis3cmaty=12.5cmand 2.2 cm at y = 187.5 cm, between x = 6 m and
x=8mis3.6cmaty=12.5cmand 1.9 aty = 187.5 cm, between x =8 m and x =9.5

mis 1.3cmaty=125cmand 1.5cmaty=187.5 cm.

y =25 cm and y = 175 cm while the maximum sediment height in the dam body is
49.8 cm and 4.7 cm, respectively. The sediment height at x = 2.02 m is 13.9 cm at
y=25cmand 3.1 cm at y = 175 cm. The maximum sediment height between x =2 m
and x=4mis 13.9 cmaty =25 cm and 3.3 cm at y = 175 cm, between x =4 m and
Xx=6mis 5.6 cmaty =25cmand 2.1 cm aty = 175 cm, between x = 6 m and
x=8misS5.9cmaty=25cmand 2.4 aty= 175 cm, betweenx =8 mand x =9.5 m

is44cmaty=25cmand 1.9 cmaty =175 cm.

y=43.75 cm and y = 156.25 cm while the maximum sediment height in the dam body
is 50.1 cm and 13.2 cm, respectively. The sediment height at x =2.02 m is 14.1 cm at
y =43.75 cm and 9 cm at y = 156.25 cm. The maximum sediment height between
x=2mandx=4mis 14.1 cmaty=43.75 cm and 9 cm at y = 156.25 cm, between
x=4mandx=6mis 5.5cmaty=43.75 cmand 1.6 cm at y = 156.25 cm, between
x=6mandx=8mis 6.3 cmaty=43.75cmand 2.5 cmaty = 156.25 cm, between
x=8mandx=9.5mis 5.5cmaty=43.75 cmand 2.8 cmaty = 156.25 cm.

y=62.5 cmand y = 137.5 cm while the maximum sediment height in the dam body is
52.6 cm and 25.8 cm, respectively. The sediment height at x =2.02 m is 13.7 cm at
y =62.5 cm and 13.7 cm at y = 137.5 cm. The maximum sediment height between
x=2mandx=4mis 13.7cmaty=62.5 cmand 13.7 cm at y = 137.5 cm, between
x=4mandx=6mis 4.8 cmaty=62.5 cm and 0.8 cm at y = 137.5 cm, between
x=6mand x=8mis 5.4 cmaty=62.5cmand 2.6 cm aty = 137.5 cm, between

x=8mandx=95misScmaty=62.5cmand 2.1 cmaty=137.5 cm.

y=81.25 cmand y = 118.75 cm while the maximum sediment height in the dam body
is 53.7 cm and 38.8 cm, respectively. The sediment height at x =2.02 m is 14.7 cm at
y =81.25 cm and 14 cm at y = 118.75 cm. The maximum sediment height between
x=2mandx=4mis 14.7 cmaty = 81.25 cm and 14 cm aty = 118.75 cm, between

x=4mandx=6mis3.9cmaty=_81.25cmand 1.9 cm aty =118.75 cm, between
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x=6mand x =8 mis 4.8 cmaty=81.25cmand 3.5 cm at y = 118.75cm, between

x=8mandx=9.5mis4.3cmaty=8l.25cmand 2.9 cmaty =118.75 cm.

y = 100 cm while the maximum sediment height in the dam body is 51.9 cm. The
sediment height at x = 2.02 m is 13.7 cm. The maximum sediment height between
x=2mand x=4 mis 13.7 cm, between x =4 m and x = 6 m is 3.1 cm, between

x=6mand x=8 mis 4.9 cm, betweenx =8 mand x=9.5m s 3.2 cm.

In addition, the sediment at the downstream skirt of the dam body shifted from 200 cm
to 270 cm at y=0 cm, 12.5 cm, 25 cm, 43.75 cm, 62.5, 81.25, and 100 cm sections. At
x = 100 cm, the unbroken right bank height of the dam body decreased from 60 cm to
an average of 49 cm. Approximately half of the dam body between x= 90-200 cm has

been moved downstream of the dam.
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Figure 4.19: Longitudinal sediment height profiles measured at a) y = 0 cm and 200
cm, b) y=12.5 cm and 187.5 cm, ¢)y =25 cm and 125 cm, d) y =43.75 cm and
156.25 cm, e)y = 62.5 cm and 137.5 cm, f) y=81.25 cm and 118.75 cm, and g)y =
100 cm and along the channel width and, transversal crest section of the dam at h) x

=100 cm of PS1

Figure 4.20. a shows the levels measured by Probe 1, Ro for PS1, and Figure 4.20.b a
shows Ri, R2, R3, Probe 2 and Probe 3. Accordingly, the decrease in the dam body
(Probe 1) in Figure 4.20.a, the decrease in the dam body 55.5 cm to 54.4 cm. Ro
decreased from 53 cm to 8 cm at the end of 800 seconds. In Figure 4.20.b, the

maximum water level in 387 s, 367 s, 367 s 10 cm is14 c¢cm, and 13 cm at Ri1, Ro, and



Rs3, respectively. The maximum level at Probe 2 is 6.38 cm and maximum water level

Probe 3 is 7.9 cm at 335 s and 395 s, respectively.
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Figure 4.20: Level measurements for PS1 experiment a) measured from Roand

Probe 1, b) measured from Ri, R2, R3, Probe 2 and Probe 3

4.4.1 Repeatability of Third Scenario Experiments

The third break scenario was performed in 2 repetitions under the same condition. In
Figure 4.21, for experiments PS1 and PS2, sediment height graphs y = 0 cm and
200 cm, y = 12.5 cm and 187.5 cm, y = 25 cm and 125 cm, y = 43.75 c¢cm and
156.25 cm, y = 62.5 cm, 137.5 cm, y= 81.25 cm and 118.75 cm, y = 100 cm and
x =100 cm are given.The sediment graphs of PS1 and PS2 experiments are compatible

with each other.

For the PS2 experiment, 32 s after the started to water seepage from the skirt of the
dam, it reached the first red line. It took 17s for the seepage water to reach R1 from the
red line, 61 s to reach Rz from Ri, and 78 s to reach R3 from Ro. After the water and
sediment mixture started to propagate downstream, it took 14 s to reach R1, 6 s to reach
R1 from Ro, and 4 s to reach R3 from R2. Water reached R2 in 456 s and the water and
sediment mixture reached Rz in 78 s after water passed the first red line. In the PS 2
experiment, according to PR, it was 12 s earlier the first red line after the started to
water seepage from the skirt of the dam, and 53 s earlier for the water seepage to reach

Ri from the red line. It took 21 s longer from Ri to R2 and 5 s longer from R2 to Rs. It
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took 8 s longer for the water and sediment mixture to reach R1 and 3 s longer for it to

reach Rz from R after it started propagating downstream.
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Figure 4.21: Longitudinal sediment height profiles measured at a) y = 0 cm and 200
cm, b)y=12.5cmand 187.5 cm, c) y =25 cm and 125 cm, d) y =43.75 cm and
156.25 cm, e) y =62.5 cm and 137.5 cm, f) y=81.25cm and 118.75 cm, and g) y =
100 cm and along the channel width and, transversal crest section of the dam at h) x

=100 cm of PS1 and PS2

Figure 4.22 shows the graph of the Ro, Ri, Rz, R3, Probe 1, Probe 2, and Probe 3
measurements of the PS1 and PS2 experiments. Accordingly, it is seen that the Ri and

Probe 3, Rz, and R3 measurements are compatible with each other.
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Figure 4.22: Level measurements for experiment PS1 and PS2 experiments measured

from a) Ro and Probe 1, b) Probe 2, ¢) R1 and Probe 3, d) Rz, and ¢) R3

4.5 Fourth Scenario: Piping Dam Break Type, Rough

Downstream Condition

The simultaneous images of the PR1 experiment in camera 2 (left column) and camera
1 (right column) 175 s, 310 s, 325 s, 340 s, 390 s, and 435 s are given in Figure 4.23.
The sediment at the skirt of the dam started to move after 122 seconds. After 175
seconds, almost half of it was eroded (Figure 4.23 a). The body of the dam continued
to be eroded up to the crest level until the 310" second, and the crest of the dam thinned
and the water overflowed from the left bank over the crest (Figure 4.23 b). From the
left bank to the middle of the channel, the breach widened rapidly within 80 seconds
as in Figure 4.23 b-e. The mixture of water and sediment covered the roughness region
within 15 seconds (Figure 4.23 c). As the water and sediment mixture reaches the

concrete blocks, splashes have occurred as seen in Figure 4.23 (b, ¢, d, e ). These jumps
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reached the maximum until the 340" second, and then decreased (Figure 4.23 ¢) and

disappeared (Figure 4.23 ).

44 s after the water started to seepage from the skirt of the dam, it reached the first red
line. It took 70 s for the seepage water to reach Ri from the red line, 48 s to reach Rz
from Ri, and 41 s to reach R3 from R2. After the water and sediment mixture started to
propagate downstream, it took 8 s to reach Ri, 3 s to reach Ri from Rz, and 5 s to reach
R3 from R2. Water reached Rz in 154 s and the water and sediment mixture reached R2

in 118 s after water passed the first red line.
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Figure 4.23: Camera 2 (flow and sediment transport at downstream area) and Camera
1 (stages of breach formation) at a) 175, b) 310, ¢) 325, d) 340, e) 390,
f) 435 for experiment PR1

Figure 4.24 shows the final sediment propagation after the experiment was completed.
As seen in the figure, approximately 50 cm of the dam body from the right wall has
been completely eroded, and between 80 cm and 150 cm, the sediment in the dam body
has been partially transported. The fact that the flood wave came from the left wall
caused the flow to be faster on this axis, and as a result, it caused the sediment to

accumulate more on the right wall from the second row of the cubes.

59



Figure 4.24: Sediment propagation of end the experiment PR1

Contour and bathymetry maps obtained by using the sediment heights obtained as a
result of the measurements are presented below in Figure 4.25. According to the bed
topography data, the maximum sediment height is higher on the right side of the
channel in the roughness region and the sediment height is higher up to about 7 m from
the unit of the roughness elements. In the region where the water velocity is high, it is
seen that there are values where the sediment depth is 0 around the cubes near the left

wall.
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Figure 4.25: 2D and 3D contour maps of sediment distribution at the end of PR1

Symmetrical with respect to the longitudinal axis of experiment PR1, y = 0 cm and
200 cm, y = 12.5 cm and 187.5 cm, y =25 cm and 125 cm, y = 43.75 cm and 156.25
cm, y = 62.5 cm and 137.5 cm, y= 81.25 cm and 118.75 cm, and y = 100 cm and
x = 100 cm with longitudinal and traversal axes graphs of sediment heights are

presented in Figure 4.26.

y =0cmand y =200 cm while the maximum sediment height in the dam body is 56.1
cm and 4.8 cm, respectively. The sediment height at x = 2.02 m is 13.2 cm at
y =0 cm and 3.2 cm at y = 200 cm. The maximum sediment height between x =2 m
andx =4 mis 13.2cmaty =0 cm and 3.2 cm at y = 200 cm, between x = 4 m and
x=6mis l.6cmaty =0 cmand 1.8 cm at y = 200 cm, between x = 6 m and
x=8mis 1.l cmaty=0cmand 1.8 cm at y =200 cm, between x =8 m and x =9.5

mis 0.2cmaty=0cmand 2.4 cmaty =200 cm.

y=12.5 cm and y = 187.5 cm while the maximum sediment heigt in the dam body is
56 cm and 5.1 cm, respectively. The sediment height at x = 2.02 m is 13.4 cm at
y = 12.5 cm and 2.9 cm at y = 187.5 cm. The maximum sediment height between
x=2mandx=4mis 13.4cmaty=12.5 cm and 4.8 cm at y = 187.5 cm, between

x=4mandx=6mis 3.9 cmaty=12.5 cm and 3.8 cm at y = 187.5 cm, between
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x=6mand x=8mis3.2cmaty=12.5 cmand 3.6 at y = 187.5 cm, between x = 8§

mandx=9.5mis 1.1 cmaty=12.5cmand 2.3 cmaty=187.5 cm.

y =25 cm and y = 175 cm while the maximum sediment height in the dam body is
57.9 cm and 6.4 cm, respectively. The sediment height at x = 2.02 m is 14.8 cm at
y=25cmand 4.6 cm at y = 175 cm. The maximum sediment height between x =2 m
andx=4mis 148 cmaty =25 cmand 9.4 cm aty = 175 cm, between x =4 m and
x=6mis 9.7 cmaty =25 cm and 9.8 cm at y = 175 cm, between x = 6 m and
x=8mis88cmaty=25cmand8.5aty=175cm, between x=8mandx=9.5m

is2.5cmaty=25cmand2.5cmaty =175 cm.

y=43.75 cm and y = 156.25 cm while the maximum sediment height in the dam body
1s 57.9 cm and 15.9 cm, respectively. The sediment height at x =2.02 m is 13.8 cm at
y =43.75 cm and 10 cm at y = 156.25 cm. The maximum sediment height between
x=2mandx=4mis 13.8 cmaty=43.75 cm and 10 cm at y = 156.25 cm, between
x=4mandx=6mis 83 cmaty=43.75cmand 6.1 cm aty = 156.25 cm, between
x=6mandx=8mis 6.8 cmaty=43.75cmand 5.7 cm at y = 156.25 cm, between
x=8mandx=95mis2.5cmaty=43.75cmand 3.2cmaty = 156.25 cm.

y=62.5 cm and y = 137.5 cm while the maximum sediment height in the dam body is
57.9 cm and 36.8 cm, respectively. The sediment height at x = 2.02 m is 14.1 cm at
y =62.5 cm and 14.5 cm at y = 137.5 cm. The maximum sediment height between
x=2mandx=4mis 14.1 cmaty =62.5 cm and 14.5 cm aty = 137.5 cm, between
x=4mandx=6mis 10.5 cm at y = 62.5 cm and 10 cm at y = 137.5 cm, between
x=6mand x =8 mis 6.3 cmaty=62.5 cm and 5.5 cm at y = 137.5 cm, between

x=8mandx=95mis3cmaty=62.5cmand 3.4 cmaty=137.5 cm.

y=81.25 cmand y = 118.75 cm while the maximum sediment height in the dam body
is 56.9 cm and 47.4 cm, respectively. The sediment height at x =2.02 m is 15.1 cm at
y=81.25cm and 13.9 cm at y = 118.75 cm. The maximum sediment height between
x=2mandx=4mis 15.1 cmaty=81.25cmand 13.9 cmaty = 118.75 cm, between
x=4mandx=6mis 8.2cmaty=_81.25cmand 8.7 cm at y = 118.75 cm, between
x=6mand x=8 mis 6.7 cmaty=81.25 cmand 5.7 cm at y = 118.75cm, between

x=8mandx=9.5mis3.8cmaty=81.25cmand 4.6 cmaty=118.75 cm.
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y = 100 cm while the maximum sediment height in the dam body is 57.3 cm. The
sediment height at x = 2.02 m is 14.6 cm. The maximum sediment height between
x=2mand x=4 mis 14.6 cm, between x =4 m and x = 6 m is 10.2 cm, between

x=6mand x=8mis 9 cm, between x =8 mand x =9.5mis 4.5 cm.

In addition, the sediment at the downstream skirt of the dam body has shifted from 200
cm to 250 cm at y=0 cm, 12.5 cm, 25 cm, 43.75 cm, 62.5, 81.25, and 100 cm sections.
At x =100 cm, the unbroken right bank height of the dam body decreased from 60 cm

to an average of 56 cm.
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Figure 4.26: Longitudinal sediment height profiles measured at a) y = 0 cm and 200
cm, b) y=12.5 cm and 187.5 cm, ¢)y =25 cm and 125 cm, d) y =43.75 cm and
156.25 cm, e)y = 62.5 cm and 137.5 cm, f) y=81.25 cm and 118.75 cm, and g) y =
100 cm and along the channel width and, transversal crest section of the dam at

h) x =100 cm of PR1

Figure 4.27. a shows the levels measured by Probe 1, Ro for PS1, Figure 4.27. b Ry,
R2, R3, Probe 2 and Probe 3. Accordingly, the decrease in the dam body (Probe 1) in
Figure 4.27. a, the decrease in the dam body between 202 s to 330 s, 55.5 cm to 43.1
cm . Rodecreased from 53.5 cm to 8.2 cm at the end of 800 seconds. In Figure 3.5.5.b,
the maximum water level is 340 s, 387 s, 377 s, 13 ¢cm, 15 cm, and 12.5 cm at Ri, Ro,
and Rs3, respectively. The maximum level at Probe 2 is 11.3 cm and maximum water

level Probe 3 is 14.3 cm at 345 s and 357 s, respectively.
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Figure 4.27: Level measurements for PR1 experiment a) measured from Ro and

Probe 1, b) measured from Ri, R2, R3, Probe 2 and Probe 3

4.5.1 Repeatability of Fourth Scenario Experiments

The fourth break scenario was performed in 2 repetitions under the same condition. In
Figure 4.28, for experiments PR1 and PR2 sediment height graphs at y =0 cm and 200
cm,y = 12.5 cm and 187.5 cm, y = 25 cm and 125 cm, y =43.75 cm and 156.25 cm,
y=62.5 cm, 137.5 cm, y= 81.25 cm and 118.75 cm, y = 100 cm and x = 100 cm are
given. Accordingly, it is seen that the sediment section graphs of the experiments
carried out in the rough downstream condition are compatible with each other and the

sediment distributions are almost the same.

For the PR2 experiment, 602 s after the water started to seepage from the skirt of the
dam, it reached the first red line. It took 18 s for the seepage water to reach Ri from
the red line, 33 s to reach Rz from R, and 86 s to reach R3 from R». After the water
and sediment mixture started to propagate downstream, it took 9 s to reach Ri, 9 s to
reach R1 from Ro, and 4 s to reach R3 from R>. Water reached Rz in 133 s and the water
and sediment mixture reached Rz in 51 s after water passed the first red line. In the PR
2 experiment, according to PR1, it was 558 s longer for the first red line after the water
started to seepage from the skirt of the dam, and 52 s earlier for the water seepage to
reach Ri from the red line. It took 15 s earlier from Ri to Rz and 45 s longer from R2
to Rs. It took 1 s longer for the water and sediment mixture to reach R1 after it started
propagating downstream, 1 s longer for it to reach Rz from Ri, and 1 s earlier for it to

reach Rz from Ro.
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Figure 4.28: Longitudinal sediment height profiles measured at a) y = 0 cm and 200
cm, b)y=12.5cmand 187.5 cm, ¢)y =25 cm and 125 cm, d) y =43.75 cm and
156.25 cm, e)y = 62.5 cm and 137.5 cm, f) y=81.25 cm and 118.75 cm, and g)y =
100 cm and along the channel width and, transversal crest section of the dam at h) x

=100 cm of PR1 and PR2

Figure 4.29 shows the graph of the Ro, Ri, Rz, R3, Probe 1, Probe 2, and Probe 3
measurements of the PR1 and PR2. Accordingly, it is seen that the ruler and probe

measurements are compatible with each other in the experiments
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Figure 4.29: Level measurements for experiment PR1 and PR2 experiments

measured from a) Ro and Probel, b) Probe 2, ¢) Ri and Probe 3, d) Rz, and ¢) R3

4.6 Comparison of the Experimental Results

4.6.1 Regarding Sediment Distribution: Longiditudinal x-

Section, Overtopping and Piping Downstream Conditions

The average of the sediment height of the OS1 and OS2, first scenario experiments is
given as smooth, and the average of the sediment height of the OR1 and OR2, second
scenario experiments is rough, in Figure 4.30 left side, the sediment section graphs are
given. While the sediment distribution in the graphs is higher between 3.50 m - 5 m in
the rough experiments, except for this part it propagation at similar heights in the
channel. The average of the sediment height of the PS1 and PS2 experiments is given
as smooth, and the average of the sediment height of the PR1 and PR2 experiments is
rough, in Figure 4.30 rigt side, the sediment section graphs are given. Like overtopping
experiments, sediment distribution in the graphs is higher between 3.50 m - 5 m in the

rough experiments, except for this part it propagation at similar heights in the channel.
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Figure 4.30: Longitudinal sediment height profiles measured at a) y =200 cm, b) y =
187.5 cm, ¢) 125 cm, d) 156.25 cm, e) 137.5 cm, f) 118.75 cm, and g) y = 100 cm, h)
y=8125cm,1)62.5cm,j)y=43.5cm,k)y=25cm,l)y=12.5cm, m) y=0cm

and along the channel width and, transversal crest section of the dam at n) x = 100

cm of average smooth and rough downstream condition for overtopping (left), and

piping (right)

According to Figure 4.30;

* In the overtopping experiments the breach widened in the middle of the dam

body, the right and left parts of the dam body remained standing and the middle

of the dam body propagated downstream. In the piping experiments the dam

body broke from the left, and the left parts of the dam body remained standing.

*  While the sediment distribution in the graphs is higher between 3.50 m - 5 m

in the rough experiments, except for this part it propagation at similar heights

in the channel.

* Rough experiment sediment height is higher than smooth experiments.

It has been observed that both the break of the homogeneous earth- fill dam

overtopping and piping will cause significant morphological changes in the reservoir

of the dam and accumulation in the settlement areas.
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4.6.2 Regarding Sediment Distribution: Longiditudinal x-

Section, Smooth and Rough Downstream Conditions

The average of the sediment height of the overtopping and piping, experiments is given
as smooth on the right side, and the average of the sediment height of the overtopping
and piping experiments is given as rough on the left side, the sediment section graphs
are given in Figure 4.31. Since the break directions of the overtopping and piping
experiments are different, the heights of the dam body between 0 cm and 43.5 cm,
where the dam body is located, are similar. In this range, sediment propagated heights
are higher in the overtopping experiment for both smooth and rough downstream
conditions. Sediment heights between 62.5 cm and 118.5 cm are approximately the
same. Sediment heights from 137.5 cm to 200 cm are higher for both smooth and rough

downstream conditions in the overtopping experiment.
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Figure 4.31: Longitudinal sediment height profiles measured at a) y =200 cm, b) y =
187.5 cm, ¢) 125 cm, d) 156.25 cm, e) 137.5 cm, f) 118.75 cm, and g) y = 100 cm, h)
y=81.25cm,1)62.5cm,j)y=43.5cm, k) y=25cm,])y=12.5cm, m) y=0 cm
and along the channel width and, transversal crest section of the dam at n) x = 100

cm of average smooth and rough downstream condition for smooth (left), and rough

(right)
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4.6.3 Regarding Sediment Distribution: Plan View

The contour graphs of the sediment propagated along the channel as a result of the
break of the dam by overtopping and piping are presented in Figure 4.32. The left side
of the figure shows the overtopping experiment, and the right side shows the piping
experiment. The first line shows the experiment for the smooth downstream condition,

and the bottom line shows the experiment for the rough downstream condition.
According to Figure 4.32;

* In the experiments, the sediment was propagated to the downstream region,

covering both the width and the length of the channel.

* Sediment depths are not equally propagated along the channel. In regions

where the flood wave is fast, the sediment depths are lower.

* In the smooth downstream condition experiments, the sediment depths are

thicker in the opposite direction of the dam break.

*  When the dam breaks flow coming from the right wall, the sediment heights of
the sections close to the left wall in the downstream region are higher. When
the dam breaks flow coming from the middle section, the sediment heights in

the sections close to the right and left walls are higher.

* The roughness elements placed downstream of the dam caused the sediment to
accumulate around the cubes. It has been observed that the sediment height is
high in the parts that are not under the impact of the flood wave in the areas

close to the roughness area.

* In the roughness region, the flood wave prevented sediment accumulation
around the cube hit by the flood wave. The upstream sediment heights of some

cubes are 0.
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4.6.4 Regarding Water Level

Overtopping and piping experiments average smooth and rough condition graphs for

ruler 2 (x =4.5 m), ruler 3 (x = 7.5 m), and probe 3 (x = 6 m) measurements are given

in Figure 4.33.
Overtopping Piping
o R2 o R2
— - = smooth — - — smooth
50 rough 50 rough
40 40
E 30 E 30
20 20

Probe 3 Probe 3
60 &0
— — = Smooth = = = Smooth

50 Rough 50 Fough

40 40
E, 30 E 30
N ~

20 20

o ——

0

0 200 400 600 800
t(s) t(s)
60 R3 60 R3
= - = smooth =« = smooth

50 rough 50 rough

40 40
Ex Ex
~N ~N

20 20

’ ’ /_—//\‘\_vw

A
0 (o} —=
0 200 400 600 800 0 200 400 600 800

t(s) ts)

Figure 4.33: Average water depth for overtopping and piping experiments in smooth
and rough downstream conditions
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According to Figure 4.33;

e Overtopping smooth and rough experiments rulers and probes measurements
are almost the same.

e Piping experiments have the same water curve but in rough experiments, the
water level is higher than in smooth experiments. The reason can be for these
differences in piping experiments breaking the left bank and water propagating

the channel from the left bank.

Table 4.1, Table 4.2 and Table 4.3 shows the progress times of sediment and water
flow from specific points of the channel to the overtopping experiments. In the Table
4.1 the average time for the water to reach the first red line after crossing the breach is
45 s. In Figure 34 as shown water pass from the breach (a) and water crossed the first

red line (b). Figure 4.35 is shown water crossed the Ro.

Table 4. 1: Time differences between the water pass from the breach to the red line

Average At

Water pass from the breach
45s

Water crossed the first red line (x =2.52 m)

Figure 4.34: Water pass from the breach (a) and water crossed the first red line (b)
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Table 4. 2: The time differences between the water crossed the red line to Rz

At smooth rough

Water crossed the first red line (x =2.52 m)

24 s 24s
R2 (x =6 m)

Figure 4.35: Water crossed the Rz

Table 4. 3: The average time differences between the water crossed the red line to Ry,
Ri to Rz, and Rz to R3 for smooth and rough experiment

At smooth rough

Water crossed the first red line (x =2.52 m)

19s 19s
Ri(x=4.5m)

5s 5s
R2 (x =6 m)

3s 4s
R3 (x=7.5m)
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Acording to Table 4.2 and Table 4.3 time differences between Ri-Rz is higher than the
R»2-Rs. Since the water has passed through the breach, the water has moved faster in
the mixture of water and sediment. With the widening of the breach, the transport rate
of the sediment increased. When smooth and rough experement were compared,

roughness did not have a significant effect on the water wave propagation speed.

Table 4.4 is shown piping experiments, the differences between the starting time of
the sediment on the downstream skirt of the dam and the starting time of the water to
seepage in an average of 15 s for all piping experiments. Table 4.4 is also shown time
disfferences between water passing from the red line and sediment passing from the
red line. These difference average 27 s. In Figure 4.36. a is shown water seepage start

from dam body skirt and Figure 4.36. b sediment passing from the red line.

Table 4. 4: The average time differences between water seepage and sediment
movement start from the dam body skirt and, water and sediment passing from the

red line
Average At
Water seepage start from dam body skirt
15s
Sediment movement start from dam body skirt
Average At
Water passing from the red line x = 2.52
27s

Sediment passing from the red line

In the overtopping experiments, the sediment movement starts by propagating to the
downstream region after crossing the breach. In the piping experiments, first come to
seepage water from the dam skirt, in order for the sediment to propagate to the

downstream region, the downstream face of the dam was exposed to erosion and the
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dam skirt slipped 50 cm downstream on average, and the downstream sediment and

flood wave propagated after the downstream slope of the dam was minimum 28 °

Figure 4.36: Water seepage start from dam body skirt (a) and sediment passing from
the red line (b)

Table 4.5 shows the piping experiments' propagation time of water and sediment at
specific points of the channel for the piping experiments. In Figure 4.37 is shown
seepage water coming from dam body and in Figure 4.38 is shown flood wave water
coming to Ri, R2 and R3. According to this Table 4.5 important difference is that the
time difference between the arrival of the first seepage to Ri and the arrival of the
second flood wave to R1 is greater than the time between the first and second waves
arriving at Rz and Rs. In the R3 scale, the time difference between the arrival of the
first and second waves is the shortest in all experiments. Accordingly, it is possible to
say that the velocity of the water in the reservoir increases as it progresses along the
channel. In all piping experiments, the differences between the starting time of the
sediment on the downstream skirt of the dam and the starting time of the water to
seepage in are close to each other. In addition, the time for water to cross the red line
and for the sediment to come to the red line is almost the same, except for the PS:2
experiment. Since the water has passed through the breach, the water has moved faster
in the mixture of water and sediment. With the widening of the breach, the transport
rate of the sediment increased. For piping experiments, the first seepage water coming

from the dam skirt to R1 and the coming of the second flood wave to R1 is greater than
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the time between the first and second wave coming at Rz and R3. When smooth and
rough experement were compared for piping experiments, roughness increases the

propagation time of the water wave.

Figure 4.37: Water seepage reach R (a) and water seepage reach Rz (b)

Figure 4.38: Flood wave reach a) Ri, b) Rz, ¢) R3
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Table 4. 5: The piping experiments propagation time of water and sediment at
specific points of the channel for the piping experiments

At smooth

rough

R first (x =4.5m)

51s
R> first (x =6 m)
76's
R3 (x=7.5m)
At smooth
Risecond (x =4.5 m)
5s
R2 second (x= 6 m)
4s
R3(x=7.5m)
At smooth
Ri first (x =4.5 m)
106 s
Risecond (x =4.5 m)
At smooth
Ro first (x = 6 m)
69 s

R2 second ( x = 6 m)

41 s

64 s

rough

rough

111s

rough

82's
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Chapter 5

Conclusion

In this study, the changes in the bed morphology of the sediment propagation to the
downstream region by the flood wave as a result of the break of the homogeneous
earth-fill dam, and the determination of the propagation of the sediment were
investigated. In a long and wide laboratory channel, 8 experiments were carried out
under 4 different break scenarios, with 2 replications of two different types of a break
as overtopping piping, in smooth and rough downstream conditions. Accordingly, 2 of
the 4 overtopping experiments were carried out in smooth and 2 in rough downstream
conditions. Likewise, piping experiments were carried out in 2 rough and 2 smooth
downstream conditions. The videos taken from two cameras placed in the channel
during the experiments, the water level measurements taken from the rulers placed in
certain parts of the channel during the experiment, and the measurements taken from
the ULS40-D device placed on the longitudinal axis of the channel were used to
evaluate the results of the experiments. At the end of the experiment, maps of the
height of the sediment were obtained with the height measurements taken to determine

the sediment heights.

According to the obtained data, the following results were obtained, it has been
observed that both the break of the homogeneous earth- fill dam from the top and the
break as a result of piping will cause significant morphological changes in the reservoir
of the dam and accumulation in the settlement areas. Since the water has passed
through the breach, the water has moved faster in the mixture of water and sediment.
With the widening of the breach, the transport rate of the sediment increased. Sediment
depths are not evenly propagated along the channel. In regions where the flood wave
is fast, the sediment depths are lower. The roughness elements placed downstream of

the dam caused the sediment to accumulate around the cubes. It has been observed that
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the sediment height is high in the parts that are not under the impact of the flood wave
in the areas close to the roughness area. In the repetitions of all scenario experiments,
the increases and decreases in the rulers and probes measurements are compatible with
each other. In all experiments, hydraulic jumps were observed shortly after the flood
wave and sediment began to propagate to the downstream region. It was observed that
the sediment accumulation increased with the passing of the effect of the hydraulic
jump. According to smooth and rough downstream conditions, rough experiments
sediment hight is higher. According to overtopping and piping experiment,
overtopping type dam break sediment hight is higher than piping type. In water depth

and propagation of water, there are no specific differences between experiments.

It can be useful to diversify these experimental scenarios, to determine the spread of
the flow and sediment to the downstream region, and to approve the numerical
modeling studies. At the same time, experimental data to be obtained from different
break-type scenarios of existing dams and numerical modeling results can lead to the
necessary planning by determining the risky areas that may occur during break and the

areas to be affected.
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Appendix A

Overtopping Smooth 2
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Figure A.A.1: Camera 2 (flow and sediment transport at downstream area) and
Camera 1 (stages of breach formation) at a) 291 sec, b) 311 sec, ¢) 331 sec, d) 351
sec, €) 361 sec, d) 375 sec for experiment OS2

Zjem)

TTITITITITTIT

-
=
g

nﬂf

93



Z {cm)

Figure A.A.3: 2D and 3D contour maps of sediment distribution at the end of OS2
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Figure A.A.4: Level measurements for OS2 experiment a) measured from Roand

Probel, b) measured from Ri, R2, R3, Probe 2 and Probe
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Figure A.A.5: Longitudinal sediment height profiles measured at a) y = 0 cm and 200
cm, b) y=12.5 cm and 187.5 cm, ¢)y =25 cm and 125 cm, d) y = 43.75 cm and
156.25 cm, e)y = 62.5 cm and 137.5 cm, f) y=81.25 cm and 118.75 cm, and g)y =

100 cm and along the channel width and, transversal crest section of the dam at

h) x =100 cm of OS2
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Appendix B

Overtopping Rough 2

96



Figure A.B.1: Camera 2 (flow and sediment transport at downstream area) and
Camera 1 (stages of breach formation) at a) 249 sec, b) 300 sec, c) 305 sec, d) 316
sec, €) 354 sec, f) 384 sec for experiment OR2

Figure A.B.2: Sediment propagation of end the experiment OR2
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Figure A.B.3: 2D and 3D contour maps of sediment distribution at the end of OR2
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Figure A.B.4: Level measurements for OR2 experiment a) measured from Ro and

Probel, b) measured from Ri, Rz, R3, Probe 2 and Probe 3
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Figure A.B.5: Longitudinal sediment height profiles measured at a) y = 0 cm and 200
cm, b) y=12.5 cm and 187.5 cm, ¢)y =25 cm and 125 cm, d) y =43.75 cm and
156.25 cm, e)y = 62.5 cm and 137.5 cm, f) y=81.25 cm and 118.75 cm, and g)y =
100 cm and along the channel width and, transversal crest section of the dam at

h) x =100 cm of OR2
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Piping Smooth 2

Figure A.C.1: Camera 2 (flow and sediment transport at downstream area) and
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Camera 1 (stages of breach formation) at a) 0 sec, b) 292 sec, ¢) 337 sec, d) 352 sec,
e) 362 sec, f) 493 sec for experiment PS2
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Figure A.C.3: 2D and 3D contour maps of sediment distribution at the end of PS2
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Figure A.C.4: Level measurements for PS2 experiment a) measured from Ro and

Probel, b) measured from R1, Rz, R3, Probe 2 and Probe 3
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Figure A.C.5: Longitudinal sediment height profiles measured at a) y = 0 cm and 200
cm, b) y=12.5 cm and 187.5 cm, ¢)y =25 cm and 125 cm, d) y =43.75 cm and
156.25 cm, e)y = 62.5 cm and 137.5 cm, f) y=81.25 cm and 118.75 cm, and g)y =
100 cm and along the channel width and, transversal crest section of the dam at

h) x =100 cm of PS2
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Figure A.D.1: Camera 2 (flow and sediment transport at downstream area) and
Camera 1 (stages of breach formation) at a) 141 sec, b) 281 sec, ¢) 300 sec, d) 303
sec, €) 321 sec, f) 366 sec for experiment PR2

Figure A.D.2: Sediment propagation of end the experiment PR2
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Figure A.D.3: 2D and 3D contour maps of sediment distribution at the end of PR2
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Figure A.D.4: Level measurements for PR2 experiment a) measured from Ro and

Probel, b) measured from R1, R2, R3, Probe 2 and Probe 3
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Figure A.D.5: Longitudinal sediment height profiles measured at a) y = 0 cm and 200
cm, b)y=12.5cmand 187.5 cm, ¢)y =25 cm and 125 cm, d) y =43.75 cm and
156.25 cm, e)y = 62.5 cm and 137.5 cm, f) y=81.25 cm and 118.75 cm, and g)y =
100 cm and along the channel width and, transversal crest section of the dam at

h) x = 100 cm of PR2
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