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ABSTRACT

EXPERIMENTAL AND NUMERICAL INVESTIGATION OF PIPING
IN UNIFORM EMBANKMENT DAM WITH WEAK LAYER AT THE
UPPER REGION

From the past to nowadays, earth-fill dams have been built thanks to their
advantages, however, piping is a problem that earth-fill dams can experience and then
fail. While there are many studies about the overtopping failures of the dams, there are
not too many surveys about dam failures due to piping.

Dams having a height of 0.6 m, a bottom width of 2 m, and a crest width of 0.20
m were built in a channel of 1 m wide, 0.81 m high and 6.14 m long. 3 different
scenarios have been created and the evolution of dam failure resulting from seepage at
the dam was recorded by six cameras located at different locations. In the closed
system, water was pumped from the lower reservoir to the upper channel. The dam was
constructed by using a mixture consisting of 85 % sand and 15 % clay. A circular tunnel
with a diameter of 2 cm was created at the middle or corner of the dam according to the
scenario and at 6 cm below the dam crest. The breach areas at different time instants at
upstream and downstream sides are determined by using the Gauss Area calculation
method and by image processing, and then it has been found that methods give close
values to each other. Breach discharge and time-varied velocity values were determined
by using the continuity equation.

Empirical relations were intended to be derived for the breach flow rate and
empirical relations represented in the literature were trialed by using experimental

findings.



OZET

ZAYIF BOLGENIN UST BOLGEDE OLDUGU UNIFORM DOLGU
BARAJDAKI BORULANMANIN DENEYSEL VE SAYISAL
ARASTIRILMASI

Toprak dolgu barajlar ge¢misten giinlimiize avantajlar1 sebebi ile insa
edilmektedir ancak borulanma toprak dolgu barajlarin yikilmasina neden olan en temel
problemlerden biridir, ayrica ge¢miste borulanma nedeniyle yikilan toprak dolgu
barajlar da vardir. Literatiirde kret seviyesinden su asmasi nedeniyle baraj yikilmalari
ile alakali bircok calisma bulunurken borulanma ile alakali yeterli calisma
bulunmamaktadir.

1 m genisliginde, 0.81 m yiiksekliginde ve 6.14 m uzunlugunda kanalin i¢inde
60 cm yiikseklige, 2 m taban genisligine ve 0.20 m kret genisligine sahip toprak dolgu
baraj insa edilmistir. 3 farkli senaryo olusturulmus, sizmadan kaynakli baraj
yikilmasinin gergeklesmesi farkli yerlere konumlandirilmis 6 kamera ile kayit altina
alinmistir. Kanal 2 kattan olusup kapali sistemde asagida bulunan su deposundan
yukaridaki kanala pompa ile su pompalanmistir. Toprak dolgu baraj % 85 kum ve % 15
kil iceren zemin ile inga edilmistir. Senaryoya gore barajin ortasinda veya kosesinde ve
kretin 6 cm asagisinda 2 cm capinda yuvarlak bir tiinel olusturulmustur. Farkl
zamanlara ait gedik yiizey alanlart memba ve mansap taraflar1 i¢in ayr1 olarak Gauss
alan hesab1 ve goriintii isleme yontemi ile hesaplanmis, sonuglar karsilagtirildiginda 2
metodun birbirine ¢ok yakin sonu¢ verdigi goriilmiistiir. Gedikten gegen debi ve
zamanla degisen hiz degerleri memba ve mansap taraflari icin ayr1 olarak stireklilik
denklemi kullanilarak hesaplanmustir. Ayrica, farkli zamanlara ait 1slak alanlar da
belirlenmistir.

Gedikten gecen debi i¢in ampirik denklemlerin iiretilmesi denenmistir. Ayrica,
elde edilen deneysel bulgular kullanilarak literatiirde sunulan farkli parametreler i¢in

ampirik denklemler denenmistir.
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CHAPTER 1

INTRODUCTION

1.1. Background

A dam is a set that prevents or limits the flow of surface water or underground

streams. Dams are constructed to provide drinking water, irrigation, energy, fishery, and

flood prevention. Earth-fill dam is a type of embankment dam. It can be created by

compacting soil which can consist of sand, clay, and silt. From the past to nowadays,

earth-fill dams have been projected and built thanks to their advantages and still, they

are built. Firstly, the advantages have been ordered.

They are suitable for every valley type.
Thanks to natural materials, the need for importing or transporting great
amounts of processed materials or cement to the construction site decreases.
The unit costs of earth-fill increase much more slowly than those for mass
concrete.
For the areas with high seismic activities, the earth-fill dams can be created
more economically and show a higher performance by behaving more
flexible during an earthquake when constructed with an optimum water
content.
A significant part of the construction process is carried out by machines and
the machines have been developed day by day.

Also, there are some disadvantages.
If the water level exceeds the crest level, earth-fill dams can be collapsed.
The risk of seepage and piping through the earth-fill dam body and

foundation is higher than in other types of dams.

Dams can fail because of stability problems such as excessive deformations,

excessive stresses, or excessive loss of materials due to erosion, earthquakes, floods,

overtopping flow, or piping. However, dams should not fail; all living things need water

for survival. Thus, water should be saved and stored. Besides, dams are indeed



expensive structures to build. When they collapse, there will be considerable economic
damage. Apart from these, the failure of dams can cause property damage and loss of
life. For instance, Dai et al. (2005) explained that over 100,000 deaths by flood occurred
at a large landslide dam in Dadu River that failed due to an earthquake. That’s why,
before starting construction, a required project should be designed and required
precautions should be taken. Unfortunately, still, today embankment dam failures occur
frequently. Zhong, Chen, and Deng (2017) emphasized that the most common dam type
in the world is the earthfill dam, thus, 85% of total failures have been experienced by
earthfill dams. Teton dam is a very well-known example of an earthen dam that
experienced piping failure which caused flooding in 1976. Overtopping and piping can
be accepted as the two most widespread failure modes of the earth- dams, levees, and
dykes (Stéphane Bonelli and Benahmed 2010).

There have been many studies about dam failures especially because of
overtopping in the literature, however since it is really difficult to observe the erosion
process and conduct controlled experiments, there are not too many surveys about dam
failure due to piping (Sharif et al. 2015; Chen, Zhong, and Shen 2019; Elkholy et al.
2015).

Costa (1985) informed that 28% of dam failure arises from piping and 34% from
overtopping. Also, Chen, Zhong, and Shen (2019) indicated that between 1954 and
2018, 3541 dam breach accident occurred and more than 30% of them was due to
piping in accordance with Dam Safety Management Center of the Ministry of Water
Resources, P. R. China (2019). Besides, Zhong, Chen, and Deng (2017) notified that
more than 50% of 3530 dam breach accidents from 1954 to 2014 were happened due to
overtopping and 85% of total failures were including the homogeneous cohesive dams
in accordance with Dam Safety Management Center of the Ministry of Water
Resources, P. R. China (MWR 2015).

The estimation of breach initiation and evolution is of great importance for the
evaluation of flood risk in terms of design, planning, and management, also flood
magnitude, timing, and breach dimensions can be inferred (M. W. Morris 2013). There
are many studies on the prediction of the breaching process that come up with
numerical solutions or empirical equations in the literature. Piping and overtopping are
some of the reasons allowing breach evolution. According to Morris (2013), structure
type, design of embankment, hydraulic loading, the material used for embankment,

construction, and condition of material can affect the breaching process. Zhenzhen



(2015) also stated that soil erosion and headcut migration lead to the process of breach
widening.

Most of the researchers executing numerical analysis make some simplified
assumptions concerning the shape of a breach and the discharge of water flowing
through the breach. Morris et al. (2008) reveal that instead of simplified approaches,
more realistic approaches are required about the breach mechanism as well as the

breach geometry and flow through the breach.

1.2. Problem Statement

Breach shape is assumed generally in trapezoidal shape in different researches,
however in reality, breach shape changes according to soil properties and hydraulic
conditions. The change in geometry of this shape depended on the time is aimed to
examine elaborately because, in the literature, many photographs display breaches in the
last stage, however before reaching this last stage, the change in the geometry of the
breach should be determined and considered. Thus, working with more realistic data is

extremely important instead of simplifying assumptions.

1.3. Aim of the Research

The aim of this study is the experimental investigation of piping that is
considerable in terms of safety of earth-fill dams which have significant functions and
when collapsed cause property damage and loss of life. Empirical relations are intended
to be derived for the breach flow rate and empirical relations represented in the
literature are trialed by using experimental findings.

Creating different piping scenarios in the laboratory environment, investigating
the development of the geometry of the breaches depended on the time that will occur
due to piping and the flow rate along the breach are including this objective.
Experiments are conducted in the civil engineering laboratory of Izmir University of

Economics.



1.4. OQutline

Advantages and disadvantages of earthen embankments, the importance of dam
structures, effects of dam failures, statistical information of some piping and
overtopping failures obtained through the literature, and the significance of the
estimation of breach initiation and evolution were mentioned in the first chapter.
Besides the statement of the problem, the aims of the research and study outline were
stated.

In the second chapter, the literature review was presented. Experimental,
numerical investigations and studies for developing and trailing empirical relations
executed by researchers were explained.

In the third chapter, piping and overtopping mechanisms were explained.
Fundamental mechanisms to initiate the internal erosion and piping of embankment
dams were mentioned. Factors affecting initiation of piping and breach evolution were
reviewed.

In the fourth chapter, the experimental setup and conducted soil mechanics
experiments were represented.

In the fifth chapter, how the soil material of the dam was prepared, the
construction process and scenarios with their differences between each other, and how
scenario experiments were conducted were explained.

The sixth chapter displays Gauss area calculation and image processing
methods, respectively.

In the seventh chapter, experimental findings of the scenarios were presented.
The change in the reservoir water level with time, the discharge of water through the
breach, surface breach areas, wetted areas, and accordingly velocities for upstream and
downstream were calculated and represented. Breach evolution process with certain
time instants was shown. The peak discharge through the breach, maximum reached
surface breach areas, maximum wetted areas, and maximum velocities at both upstream
and downstream for a certain time were indicated.

The eighth chapter indicates how the image processing technique was applied,
the comparison of area values obtained by image processing and Gauss area calculation

methods, and trialing of some empirical equations represented in the literature.



The ninth chapter shows the nonlinear regression analysis for the breach
discharge equation given for the weirs.
In the last chapter, the conclusion, discussion, and recommendations of the study

were represented under the title of the conclusion.



CHAPTER 2

LITERATURE REVIEW

In this chapter, experimental and numerical investigations carried out by
researchers were explained. Also, studies for developing and trialling empirical
relations were mentioned.

Fell et al. (2003) worked on a study to predict the time for piping to evolve and
create a breach depending on the properties of the dam and its foundation. They tested
their method with the experiences of failed dams and piping. The adequacy of
monitoring and surveillance methods to notice internal erosion and piping according to
the different beginning conditions of erosion is also investigated. They analyzed
examples of piping failures and accidents from the literature, from sponsors, and other
sources to examine the mechanisms of initiation, continuation, progression, and for
failures, breach; in a practical way, also tested their method by utilizing failures and
accidents for piping in the foundation, for piping in the embankment, and piping from
the embankment to the foundation. They stated that the method is most reliable for
piping in the embankment by indicating that if anything tends to predict a slower time
than actual.

Greco et al. (2008) simulated the evolution of a breach in an earth-fill dam by
using a two-dimensional depth-averaged (2DH) numerical model.

The diphasic flow volume and the jump equations containing the erosion
processes are used in the development of a basic one- dimensional model for two-phase
piping flow erosion by Lachouette, Golay, and Bonelli (2008). They stated that the
particle concentration can affect the very early process considerably which can cause
the expansion of the hole at the exit according to the model depending on constant input
and output pressures. Dilute flow assumption was found as convenient for piping
erosion flow modeling.

Zhu et al. (2011) constructed one embankment with pure sand and four
embankments consisting of different sand-silt-clay mixtures, then investigated how
erosion proceeds. They stated that cohesive soil embankments were affected

considerably by headcut erosion in terms of breach evolution and experienced erosion



more slowly. Besides, shear erosion was at the forefront during the evolution of the
breach at the embankment including only pure sand.

A one-dimensional numerical model was developed and improved by Alamdari,
Banihashemi, and Mirghasemi (2012) by utilizing the mass-conserving finite volume
method. The piping event was simulated and the model was verified with Teton dam.
They emphasized that the radius in a certain place in 2 hours after the beginning of
piping is almost equal to the radius obtained by the model which shows the variation of
radius according to the time along the tunnel until the radius value attains the critical
value and the piping event changes as the overtopping.

Zhang et al. (2012) investigated dam failure by overtopping in terms of erosion
rate and sediment transport rate, then explained that peak sediment transport rate can be
decreased by a longer dam crest and flatter inner slope which causes also extends the
arrival time of peak sediment transport rate.

Fleshman and Rice (2014) managed a laboratory modeling program to evaluate
the initiation of the piping evolution in several sandy soils with different specific
gravity, gradation, grain size, and the grain shape. They conducted the models by using
a laboratory tool produced and created especially for their study which helps to evaluate
the hydraulic regime within the sampler during the test by imposing a uniform hydraulic
gradient. That’s why the beginning of the initiation piping process can be investigated
according to required critical hydraulic conditions. Their results indicated that when the
specific gravity of soils increases, piping resistance increases, also angular soils and
graded soils resist piping events more. They also used finite-element seepage analyses
to model the hydraulic conductivity of the loosened soil, the hydraulic conductivity of
the undisturbed soil was arranged theoretically to account for the examined rise in void
ratio and the analysis results showed a good agreement with examined behavior.

Elkholy et al. (2015) built earthen levees and examined internal erosion
processes due to piping. While building levees, they used different mixtures containing
sand, silt, and clay. The erosion process was recorded and by applying the image
processing technique, they monitored erosion processes. For different soil compositions,
the change in the depth of erosion during the piping was investigated. They concluded
that even small changes in clay content can affect erosion rate considerably and when
the soil composition changes considerably, the time will be influenced by causing a
noticeable decrease in the reservoir level. A plastic pipe possessing a diameter value of

13.7 mm was used to create an initial hole, later it was removed to initiate piping. The



levee had dimensions of 0.46 m wide, 0.55 m long, and 0.15 m high, also 1:1 and 1:2
upstream and downstream slopes, respectively. During the experiment, they kept water
constant with a maximum change of 10%. An edge detection algorithm and an
automatic thresholding algorithm were implemented in turn to the images. They came
up with an exponential equation to predict the erosion depth as a function of time and
the coefficient of soil erodibility.

Sharif et al. (2015) prepared their earthen embankment by using the same
procedure and monitored the erosion process by using the same method which was the
image processing technique with Elkholy et al. (2015), however, the difference was this
time, they had only one soil composition but they applied different numbers of blows
during compaction to soil with determined normalized dry densities. The soil
composition was the same for all the experiments consisting of 64% sand, 29% silt, and
7% clay, and can be taken into account as a sandy loam soil. Sharif et al. (2015)
developed exponential equations to represent average erosion depth, area of vertical
erosion, and volume of erosion with time. Also, they concluded that when the dry
density of the soil mixture increases with an increase in the number of compaction
blows, the run time is affected considerably which indicates the erosion rate, whereas it
has not too much impact on the final average erosion depth. They discussed the changes
in erosion depth, eroded side area, and eroded volume during the piping development by
utilizing from image processing method.

Froehlich (2016) used outflow data of 41 dam failures to estimate the peak
breach discharge of a dam by utilizing 2 nonlinear mathematical models and concluded
that models showed a considerable performance in their estimation when compared with
the other techniques.

Yang and Wang (2017) conducted some upward seepage experiments on sand
specimens with two uniform soils which are stable and one gap-graded soil which is
unstable. They compiled and analyzed a data set consisting of many different grain size
distributions. Depending on the data set, they examined techniques for the prediction of
critical hydraulic gradients and evaluated their performance. Three different soils were
evaluated to observe the effect of gradation of soil on piping failure and critical
hydraulic gradients. The specimens were exposed to upward seepage until a piping
failure happens after they had been arranged. They concluded that gradation of soil
affects critical hydraulic gradient and piping failure mode. A zero effective stress for

internally stabled soil experiencing piping failure was logical, and failure was observed



with a volume expansion or a horizontal crack that progresses upward by breaking the
top surface. Internally unstable soil was exposed to piping failure with strongly eroded
fine particles by an upward seepage flow and they emphasized that coarse particles
displayed a stable behavior.

Ashraf et al. (2018) used a nonlinear regression technique to produce new
equations so that estimated breach parameters by benefiting from the data of 126
embankment failures, then tested their equations with the data of the 5 experiments
executed on overtopping failures of non-cohesive and cohesive soil embankments. They
emphasized that the values obtained by the equations were consistent with non-cohesive
material while were not with cohesive materials, so that except for dam dimensions also
soil properties can be taken into consideration for breach parameters of dams
constructed with cohesive soils.

Wang et al. (2018) created nine nonlinear models by using regression analysis
for the first eight models and a semi-analytical approach for the last model. The peak
outflow of embankment dams experiencing breaching was predicted by investigating
the data of 40 dam failures and then pointed out that the best model can be considered
the model obtained with a semi-analytical approach. The parameters of water depth
above breach invert and volume of water stored above breach invert contributed more to
predicting targets when creating the models with regression analysis rather than
parameters of average embankment width and embankment length.

Andreini et al. (2019) introduced probabilistic models for concentrated leak
mechanisms to estimate the parameters such as the coefficient of erosion, the
geometrical dimensions of the embankment, the critical shear stress, and the pipe radius
enlargement for both cohesive and non-cohesive soils, then stated that effect on
vulnerability to erosion of some soil characteristics can be estimated by the model for
water retaining structures.

Chen, Zhong, and Shen (2019) assumed that before the failure of the pipe roof,
the piping shape was an arch tunnel with a semicircle at the top and a square at the
bottom under the condition when the dam will not consist of sand. They created a
numerical model and took an arch tunnel as the initial cross-section. They selected a
case with detailed measured data to verify the created numerical model, then, to
investigate the model, they selected historical incidents of two artificially filled earthen
dams. Lastly, the proposed model was tested by comparing it with the NWS BREACH

model (Fread 1988). Also, when the proposed model was compared with the model,



they found that the model can give more reliable results of peak flow discharge in the
breach and final breach widths.

Saliba et al. (2019) utilized Plaxis 2D and modeled an earth dam in Lebanon to
indicate the evolution of piping by employing an iterative approach. Soil characteristics
were specified according to ASTM standard methods. They reviewed that when the
hydraulic gradient value was higher than the critical hydraulic gradient, the location of

piping was determined.
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CHAPTER 3

MECHANISIM OF PIPING AND OVERTOPPING

Because of the cracks, erosion within the earthen material occurs and this
situation allows seepage of water through the earth-fill dam. Since more water can
penetrate and flow through the dam, piping can be created. As the seepage force
exceeds the weight of the materials occurring in the dam, the water washes away the
soil and creates a hole within the earth-fill dam. If these holes enlarge and extend
longitudinally due to washing much more material away, it can be called piping.
Sellmeijer (1988) stated that piping can be defined as a channel starting the downstream
of the structure by converging as flowlines and accordingly there will be high seepage
pressures.

Fell et al. (2003) explain that there are 4 steps for breaching which are the
initiation and continuation of erosion, the evolution of the pipe, the breach formation,
and the widening of a breach. There are 4 fundamental mechanisms to initiate the
internal erosion and piping of embankment dams and these can be ordered as
concentrated leak erosion, backward erosion, contact erosion, and suffusion (Bonelli
2013; Zhenzhen 2015). Zhenzhen (2015) gives a table and explains the mechanisms one
by one; the erosion that arises from a crack, cavity, or void was defined as concentrated
leak erosion where a pipe is created, and the erosion process from downstream to
upstream by removing soil particles as backward erosion, contact erosion happens
where fine and coarse particles are in contact and fine soils are eroded by flow which is
parallel to the coarse particles (ICOLD 2017), seepage flow causes movement of fine
particles through the coarse particle pores and this happening can be called as suffusion
(ICOLD 2017).

According to the Training Document No.39 report of U.S. Army Corps of
Engineers (Brunner 2014), Figure 3.1 represents the piping process; firstly the material
is internally eroded by seeping water through the dam and since material is eroded, a
hole will be created which enables more water seepage and more erosion as shown in
Figure 3.1 (A), secondly, downstream side starts to experience erosion and headcutting

due to flow leaving the hole as shown in Figure 3.1 (B), then since hole becomes larger
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and larger with time, the part existing on the hole will be weaker and start to pour into
flowing water as shown in Figure 3.1 (C), Figure 3.1 (D) shows that how the
headcutting continues while it is developing toward upstream, with time since the part
on the extending hole will not be able to withstand its weight , it will completely pour
into water so that breach outflow will increase by causing also an increase in breaching
process and orifice type flow of pipe will be converted into open-air weir flow. Both
toward upstream and downstream, erosion and headcutting proceed by widening the
breach (Figure 3.1 (E)). The breaching process can continue until reaching the bed of
the dam based on the remaining reservoir capacity.

Figure 3.1. Breach process of piping failure (Source: Training Document No.39 report of U.S.
Army Corps of Engineers (Brunner 2014))
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There are some factors affecting the initiation of piping and breach evolution
stated in the literature. The soil erodibility is a basic parameter indicating the time for
the embankment failure (Sharif et al. 2015), and play an important role while estimating
the performance of embankment in terms of internal erosion and breach failure (Temple
et al. 2005; Elkholy et al. 2015; Sharif et al. 2015). According to Sharif et al. (2015), the
hydraulic and mechanical properties of the soil change with internal erosion. Moreover,
they stated that soil properties affect the failure of embankments considerably and
proper compaction during construction is a key process that reduces porosity. Chen,
Zhong, and Shen (2019) stated that breach evolution can be affected by the soil
erodibility and initial pipe position according to their sensitivity analysis. According to
Hanson et al. (2010), the openings initiating piping can arise from inadequate
compaction during construction, differential settlement, desiccation, earthquakes,
burrowing animals, and/or decay of woody vegetation roots.

For the flow of fluid through porous media, the Equation 3.1 called as Darcy law
is generally used, where V is the Darcy (seepage) velocity, k is the hydraulic

conductivity, i is the hydraulic gradient.

V= ki (3.1)

Solid particles carried by water depend on the flow rate, which varies with the
hydraulic gradient. The water that moves in the soil in a way that loses its energy as
quickly as possible exerts a force on the particles. This force, the magnitude of which
depends on the hydraulic slope, acts in the direction of seepage. For this reason,
although the water leaking in the direction of gravity has a compacting effect on the
particles, it tries to move the particles when it occurs in the opposite direction. When the
imbalance between upward and downward forces occurs, piping phenomenon happens
in non-cohesive soils. The stability of the soil where the piping occurs is deteriorated
and at the same time it becomes unable to carry the load. The soil in the seepage area is
under the effect of a resultant force that depends on its own weight and the seepage
force. The hydraulic gradient of the seepage force that drags the particles in the soil is
important which is specified as the critical hydraulic gradient in soil mechanics. The

critical hydraulic gradient is given in the Equation 3.2.
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= (3.2)

where i, is the critical hydraulic gradient, G is the specific gravity of soil and e is the
void ratio.

The critical hydraulic slope does not depend on the size of the particles, thus,
coarse and fine sand particles will behave in separate hydraulic gradients. However,
since coarse particles have a high permeability, a large amount of flow is required
according to Darcy's law to maintain the critical hydraulic gradient. Since the seepage
force is proportional to the hydraulic gradient, piping occurs where the hydraulic
gradient is high. The stability of dams against piping is determined by comparing the
hydraulic gradient where piping is expected with the critical hydraulic gradient.

The hydraulic gradient where piping is expected is specified from the flow net
and is also defined the existing hydraulic gradient. It can be said that there is safety
when the existing hydraulic gradient of the piping zone is less than the critical hydraulic
gradient. The safety of the dams against piping is determined by the safety factor

obtained from the Equation 3.3 given below.

FS=-=< (3.3)

where i, is the existing hydraulic gradient.

When the water level exceeds the crest level, a continuous flow over the dam
causes a decrease in the crest level by the erosion process, and overtopping failure can
occur with time. A continuous flow exceeding the crest level cause overtopping by
eroding the crest and downstream surface. In a weak part, erosion starts due to tractive
shear force which exceeds the critical resistance (Qiming Zhong et al. 2021).
Overtopping failure can arise from heavy floods, thus, the design of the dam plays an
important role where surface elevation should not reach the crest level. Besides, waves

can cause overwash and with wind, there will be overtopping.
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According to the TD-39 report of the U.S. Army Corps of Engineers (Brunner
2014), Figure 3.2 represents the overtopping process; the downstream side will be
exposed to headcut erosion during overtopping failure as shown in Figure 3.2 (A). A
broad-crested weir behaviour is observed during the water flowing over the crest level
and the headcut will expand by eroding backward and to the dam center where
displayed in Figure 3.2 (B), Figure 3.2 (C) shows when the headcut arrives crest level,
Figure 3.2 (D) demonstrates loss of upstream crest where a sharp-crested weir

behaviour can be observed, then, erosion will proceed throughout the dam (Figure 3.2

(E)).

Figure 3.2. Breach process of overtopping failure (Source: Training Document No.39 report of
U.S. Army Corps of Engineers (Brunner 2014))

15



CHAPTER 4

EXPERIMENTAL SETUP AND LABORATORY
EXPERIMENTS

The experimental setup and conducted soil mechanics experiments have been
presented in this chapter. The soil mechanics experiments were conducted according to
ASTM standards. Standard proctor test, consolidation test, direct shear test, wet sieve
analysis, hydrometer analysis, permeability test, and specific weight test have been

conducted, and then significant soil parameters were indicated.

4.1. Experimental Setup

The dams for different experiment scenarios were conducted in a rectangular
flume with a width of 1 m, a height of 0.81 m, and a length of 6.1 m in the Izmir
University of Economics (Figure 4.1 and Figure 4.2). The flume consists of two parts;
an upper channel and a bottom part. At the bottom part, there are a water tank and a
sedimentation pool. A pump is utilized to maintain continuous flow to the upper

channel of the flume from the water tank.

——

Figure 4.1. Experimental Flume Illustration



To adjust the flow from the pump to the flume, a control valve is used. A flow
straightener was assembled during the production of the flume on the upstream side to
make a smooth flow and decrease turbulence. The flowrate was measured by a magnetic
flowmeter. To adjust the water level, an electromagnetic sensor was attached which
starts and stops the pump when water depths in the channel were 0.540 m and 0.555 m,

respectively. Grid lines were arranged on the side glasses with 1-cm grid interval.

Figure 4.2. Experimental Flume
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4.2. Soil Mechanics Experiments

Some soil mechanics experiments were carried out before building the dam. The
soil mixture utilized in the construction of the dam was prepared by using 85 % coarse
sand and 15 % clay. The grain-size distribution of the mixture obtained from the wet

sieve and hydrometer analyses is shown in Figure 4.3.
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Figure 4.3. Grain size distribution of the dam material

From Figure 4.3, some characteristic diameters were obtained as D= 0.006
mm, Dzp= 0.075 mm Dso= 0.3 mm, and Dgo= 0.4 mm. The uniformity coefficient C,
equals 66.7 and the curvature coefficient C. is equal to 2.34.

The specific weight of the mixture was found to be G; = 2.63 (Table 4.1) , from
the test ASTM D854 — 14. Besides, the permeability of the mixture was obtained as k=
4.66-10™ cm/s from the falling head permeability test.

In order to increase the probability of the piping occurrence, the standard proctor
test (ASTM-698) was conducted by reducing the applied energy by 50% (13 blows
instead of 25) and so obtained the relationship between the maximum dry density and
optimum water content was determined as Ygrymax= 1.794 g/cm3 and W = 12.5 %

(Figure 4.4). The void ratio (e) was calculated as 0.469.
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Table 4. 1 Specific weight of soil mixture

Soil Mixture ( 85% Coarse Quartz + 15% Clay)
First Experiment
Sample Weight (g) 60.000
Pycnometer Weight (g) 144.680
Pycnometer + Water (g) 641.270
Pycnometer + Water + Sample (g) 678.420
G 2.626
Second Experiment
Sample Weight (g) 60.000
Pycnometer Weight (g) 144.680
Pycnometer + Water (g) 641.370
Pycnometer + Water + Sample (g) 678.520
G, 2.626
1.8
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Figure 4.4. Dry density - water content relationship for proctor test with 13 blows.

Also, when the standard proctor test (ASTM-698) was conducted with 25 blows,
the relationship between the maximum dry density and optimum water content was
determined as Ygrymax= 1.886 g/cm3 and Wqp: = 9.8 % (Figure 4.5).

From the direct shear test, it was found that the soil has a cohesion value of
15.33 kPa and an internal friction angle of 33.93° (Figure 4.6 and Figure 4.7).
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Figure 4.5. Dry density - water content relationship for proctor test with 25 blows.
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Figure 4.6. Shear stress vs. horizontal displacement
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Figure 4.7. Max. shear stress vs. normal stress
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According to the consolidation test results (Figure 4.8), the compression index
(Cc), recompression index (Cr) and, swelling index (Cs) were found to be 0.100, 0.009,
and 0.007, respectively. The oedometric modulus of deformation (Eqq) Was obtained as
35714 kN/m? (Figure 4.9).
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CHAPTER 5

CONSTRUCTION PROCEDURE AND SCENARIOS

5.1. Construction Procedure

The dams were homogenous types and constructed in 6 layers (Figure 5.1). Each
layer had a height of 10 cm. The bottom layer had 200 cm in length. During the
construction, L-shaped molds which possess 15 cm edge dimensions were utilized to
create a rectangular volume. L-shaped molds with 15 cm sides cause a 30 cm reduction
in each layer, 15 cm from the right and 15 cm from the left. Therefore, before trimming,
the lengths of the layers in the dam were 200 cm for the 1% layer, 170 cm for the 2™
layer, 140 cm for the 3 layer, 110 cm for the 4™ layer, 80 cm for the 5" layer, and 50
cm for the 6" and final layer. The inner width of the dam is 96 cm. The rectangular
volumes which are created to pour the wet material were calculated by multiplying 96
cm width, calculated lengths, and the 2.5 cm height. The volumes of each layer are
given in order as 192000 cm? for the first, 163200 cm? for the second, 134400 cm?® for
the third, 105600 cm® for the fourth, 76800 cm? for the fifth, and 48000 cm? for the last

layer, respectively.

_ L- shaped molds /

._

Figure 5.1. Layers and place of L-shaped molds
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The soil mixture utilized in the construction of the dam was prepared by using
85 % coarse sand and 15 % clay. In order to specify the water content, the standard
proctor test (ASTM-698) was executed by applying 13 blows. The reason for applying
reduced energy (13 drops instead of 25) was to increase the probability of the piping
occurrence. The bulk density and optimum water content were obtained as Y k= 1.997
g/cm3 and wWopt = 12.5 % from the proctor test with 13 blows, and then the soil was
prepared by using these values. According to this bulk density, the weight of material
that needs to be compacted for each layer is calculated using known volumes in each
layer. The wet material weights that needed to be compacted for each layer to be built
with this soil are calculated as 383424.0 grams for the first, 325910.4 grams for the
second, 268396.8 grams for the third, 210883.2 grams for the fourth, 153369.6 grams
for the fifth and 95856.0 grams for the last layer, respectively.

In the construction stage, the compaction process has been conducted for 2.5 cm
height and a minimum 50 cm length in order to satisfy the required homogeneity. The
layers of 10 cm were compacted for every 2.5 cm, that is, first to 2.5 cm, then to 5 cm,
7.5 cm and finally reaching 10 cm. By supplying 1.997 g/cm? bulk density, the weights
for the relative volume were calculated and compacted. During the soil compaction, the
bulk density of 1.997 g/cm® was satisfied for each layer according to the proctor test
results. Each layer has the same weight in the same volume. The dam consisted of 6
layers and each 10 cm layer was created in four parts by reducing 3.5 cm height to 2.5
cm with 22 hammer blows on 46x92 cm? plate.

While preparing the soil material, first the dry material (sand and clay) was
mixed in the concrete mixer for at least 10 minutes (Figure 5.2 (a)). Then, the dry
material was poured into a wheelbarrow (Figure 5.2 (b)). The water was added to dry
material and mixed by 2 people using shovels in the wheelbarrow until there is no dry
material left.

Because of the clay in the soil mixture, clotted materials arise which affect the
compaction and homogeneity of the material negatively. To prevent this negative effect;
while pouring the materials into layers, the clotted materials are opened by hand (Figure
5.3 (a)). Before starting a new layer, the dam surface is slightly wetted and roughened
with a small brush (Figure 5.3 (b)). The purpose of this is to prevent segmentation that
is likely to occur. After roughening, the new layer is started. The wet material is
compacted to the determined reference level by the hammer of the proctor experiment

set on a wide wooden plate (Figure 5.3 (c)). Figure 5.3 (d) shows after compaction of
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the first layer. Since the dams have large dimensions, the construction process was
completed in a specified period. If the construction process would continue in the
upcoming times, the dam surface was covered with a damp cloth and cover to prevent
water loss.

When the construction has been completed, the molds which shown in Figure
5.3 (e) were removed; and then, the dam surface was trimmed with a trowel for the
determined slope (Figure 5.3 (f)).

At the upper channel of the flume, some homogeneous dams possessing 0.6 m
height, 2 m bottom width, and 0.20 m crest width were constructed with the slope at the
upstream and downstream sides of 1:1.5. The evolution of the dam failure was recorded
by six cameras placed at different locations. The water depths in the channel were
attained from the camera recordings. In order to evaluate the shape of the breach and
survey the changes in its geometry, the upstream and downstream camera images were
investigated. In order not to work with fisheye images, the videos taken from lateral
camera recording were edited and straightened with Hit-film-Express version 2021.1.
Moreover, extra sensitive solutions were implemented to ensure that the images are
completely flat.

Figure 5.2. (a) Concrete mixer used to mix clay and sand (b) Wheelbarrow used to the mix

water and dry materials
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Figure 5.3. Some construction stages: (a) Roughening the surface with a small brush, (b)

Opening clotted material by hand (c) Compacting by proctor hammer, (d) The first
layer after compaction, (e) The last layer after compaction, (f) Final shape.
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5.2. Scenarios

In this study, some different scenarios of experiments have been carried out. A
circular hole of 2 cm diameter lying from upstream to downstream was created to
initiate piping and to form a breach in all the scenarios. The experiments were started
when the water in the flume reached this level and passed through the hole. The
differences between the scenarios were represented in the following.

e In the first scenario, a 2-cm circular hole at 54 cm level and the right
side of the dam was created (Figure 5.4). The pump was adjusted to

maintain 3.82 m?3/h continuous flow.

Figure 5.4. Initial hole place for the first scenario

e After conducting the experiment for the first scenario, the breach
occurred at the glass side of the dam. The second scenario was executed
by trimming only the breach part of the dam coming from the first
scenario by using a trowel (Figure 5.5) and then building that part again
by satisfying the bulk density of 1.997 g/cm® as shown in Figure 5.6. A
2-cm circular hole was created at the middle and 54 cm level of the dam
body (Figure 5.7). The pump was adjusted to maintain 3.82 m3/h

continuous flow.
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Figure 5.7 Initial hole place for the second scenario

Initial Hole
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¢ In the third scenario, a new dam was constructed with a 2-cm circular
hole at the 54-cm level and the middle of the dam (Figure 5.8). Also,
only for the 3" scenario, the dam surface has been painted with green
spray in order to work image processing more readily as shown in

Figure 5.9. The pump was adjusted to maintain 6.96 m*h continuous

flow.

Initial
Hole

Figure 5.8 Initial hole place for the third scenario

2021 0H:6TsED

Figure 5.9 Painting the dam surface with green spray for the third scenario
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CHAPTER 6

METHODS

The images taken from the records corresponding to a certain time were scaled
and the boundary coordinates of the breaches at downstream and upstream sides were
specified at Get-data Graph Digitizer 2.26 software. The surface areas of the breach
developed at different instants were computed by the Gauss Area calculation and Image
Processing color thresholding technique. The temporal variations of the breach areas
and the time-dependent wetted area values were investigated in the Get-data Graph
Digitizer 2.26 software. The image processing color thresholding technique has been

applied to determine erosion lines and breach areas in the MATLAB environment.

6.1. Gauss Area Calculation

Gauss area calculation formula, which can be called also as Shoelace formula, is
used to calculate the area of a polygon. To be able to use the formula, the point
coordinates are required as shown in Figure 6.1 and Figure 6.2. Since there is a cross
multiplication of coordinates in the calculation which behaves like a shoelace, it has
called shoelace formula (Dahlke 2017).

(Xn,Yn) (X3.¥3)

(Xn-1,Yn-1) ®
’ (X4,¥4)

(X5,Ys)

Figure 6.1. n-sided polygon with point coordinates
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Figure 6.2. Assigning coordinates on Get-data Graph Digitizer 2.26 software environment

For the area of a n-sided polygon (A, A.,..., Ay), shoelace formula is given in
the Equation;

1
Area = 3 | (X172 + X¥3 + -+ x,y1) — (X271 + X3y + - + x133,) | (6.1)

Besides, the formula can be written briefly as,

n
1
Area = > Z xXi(Vi+1 — Vi-1) (6.2)
i=1
or,
1 n
Area =2 yi(iy — Xisn) (6.3)
i=1

where n is the number of sides, x; and y; represent the abscissa and ordinate in the i

coordinate, respectively.
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6.2. Image Processing Technique

Red, green, and blue colors can be indicated numerically and briefly cited as
RGB. Color information is investigated by using some color spaces which makes it
easy to carry out some calculations by specifying colors (“Understanding Color Spaces
and Color Space Conversion,” n.d.). RGB and HSV can be given as some color space
examples where RGB color space expresses colors according to red, green, and blue
amounts and HSV color space utilizes hue, saturation, and value. According to
Mustikasari and Madenda (2014), when it is compared with RBG color space, HSV
undergoes the way of human experience more substantially. While RGB values can be
arranged from 0 to 255, HSV color space from 0 to 1.

Image segmentation is a technique that is used to separate an image into
different spaces according to some image properties by considering their homogeneity
or similarity where color, edges, and texture were utilized (Kulkarni 2012). Different
properties can also arise from different color spaces so that suitable color space can be
selected according to the problem (J. Yang, Liu, and Zhang 2010).

Thresholding can be regarded as the most straightforward technique while
segmenting images for image processing and binary images can be created from a
grayscale image by using thresholding (Shapiro and Stockman 2002). This method
evaluates the color spaces according to similarity property. The color channels are
segmented by applying the threshold technique on different color spaces such as RGB
or HSV.

While applying gray thresholding, a threshold value is determined. Then, the
original pixel value of a gray level image is compared with the threshold value. When
the original pixel value is less than the determined threshold value, actual pixel values
will be assigned as O; if not, they will be assigned as 1. That's why the newly obtained
image will be a binary image whose pixel values are segmented by a single thresholding
technique. Besides, more than one thresholding value can be selected. When there are 2
thresholding values, if the original pixel value is between thresholding values, original
pixel values will be assigned as 1, if not, they will be assigned as 0.

Also, there is a color thresholding technique (Figure 6.3). Kulkarni (2012)
explains that the color information of the object in an image is required to separate it

from the background and other objects. By determining a thresholding range, the pixels
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outside the range will be disapproved and intended objects will be achieved. Madani et
al. (2011) stated that when the color thresholding method is compared with other
methods in terms of simple usage, it is the most popular technique.

(a) (b)

Figure 6.3. a) Before and b) After applying the color thresholding technique to the image
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CHAPTER 7

EXPERIMENTAL FINDINGS AND RESULTS

In this chapter, experimental findings of the scenarios have been presented. How
the reservoir water level changed with time was shown, and the discharge of water
through the breach, surface breach areas, wetted areas, and accordingly velocities for
upstream and downstream were calculated. The process of breach evolution was also
displayed for different time instants. The peak discharge through the breach, maximum
reached surface breach areas, maximum wetted areas, and maximum velocities at both
upstream and downstream for a certain time were indicated. The discharge of water

through the breach was determined by using the continuity equation:

AS = (qump — Qbreach) - At (7-1)

where Qpump is the flow rate delivered by the pump, Qpreqcn is the discharge through
the breach, AS is the storage in the channel during the time interval At.
The average velocity V of the flow through the breach was approximately

calculated by using the Equation 7.2 where A represents wetted area.

_ Qbreach

v
A (7.2)

7.1. First Scenario

For the first dam, in order to initiate the breach formation, a circular hole of 2
cm diameter extending from upstream to downstream was created at 54 cm from the

upper right side of the dam body. The experiment was started when the water in the
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flume reached this level and passed through the hole. The temporal developments of the
breach recorded by the cameras located on the downstream, upstream, and lateral side
of the dam are shown in Figure 7.1, Figure 7.2, and Figure 7.3, respectively. The time

t=0 indicates the beginning of the seepage.

Figure 7.1. The temporal development of the breach at downstream a) t=0 s, b) t=220 s, c)
t=340s d) t=680 s, e) t=1020 s f) t=1360 s.
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Figure 7.2. The temporal development of the breach at upstream a) t=0 s, b) t=220 s, c) t=340s
d) t=680 s, €) t=1020 s f) t=1360 s, g) t=1700s, h) t=2040 s
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Figure 7.3.

The temporal development of the breach at lateral side a) t=0 s, b) t=220 s, c)
t=340s d) t=680 s, €) t=1020 s f) t=1360 s, g) t=1700s

(cont. on next page)
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Figure 7.3. (cont.)

The temporal water depths in the channel and discharge through the breach
calculated by the Equation 7.1 are shown in Figure 7.4 and Figure 7.5, respectively.
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Figure 7.5. Time-varied average discharge through the breach




The temporal variations of the breach area at downstream, upstream and right

side are given in the Figure 7.6.
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Figure 7.6. Temporal variations of the breach area at downstream, upstream and right side

Besides, the time dependent wetted area and velocity values obtained by using

the Equation 7.2 at upstream and downstream are presented in Figure 7.7 and Figure

7.8, respectively.

Wetted Area (cm?)

150
120
90
60
30
0

0

Velocity (cm/s)
P = NN DN W
O 01 O 01 O 01 O

300 600 900 1200 1500 1800 0 300 600 900 1200 1500 1800

Time (s) Time (s)

(a) (b)

Figure 7.7. (a) Wetted area and (b) velocity values at upstream
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Figure 7.8. (a) Wetted area and (b) velocity values at downstream

The discharges through the breach corresponding to different instants were
calculated using the continuity equation. The boundary coordinates of the breach
surface areas and wet areas of the breach were obtained by using the Get-Data Graph
Digitizer, and the areas at each time were calculated by applying the Gauss-area
function of these obtained coordinates. The time-dependent velocity values through the
breach areas were also calculated. During the experiment, it was observed that the
breach started on the downstream side and then developed towards to upstream side.
The maximum discharge through the breach was calculated as Qpreacn=3.64 L/s at t=320
s. The breach surface area of the upstream was recorded at a maximum level of
Aups=1760 cm® at t =1800 s, while downstream Agown= 732 cm® at t=1080 s and
remained unchanged, also Ajgera= 1875 cm? at t=1800 s. Reached maximum wetted
area was found to be Awetted-ups=146 €M at t=670 S, Awetred-downs=32 M’ at t=320 s. The
maximum velocity values through the breach were calculated as V=27 cm/s at t=280
s and Vgown=113 cm/s at t=320 s. The pump was turned off and the experiment was
terminated at t=1800 s.

7.2. Second Scenario

The second scenario was applied by trimming and then building only the breach

part of the dam constructed for the first scenario. In order to generate the formation of



the breach, a circular hole of 2 cm diameter lying from upstream to downstream was
created at 54 cm from the bottom and at the middle of the dam body. The experiment
was started when the water in the flume reached this level and passed through the hole.
The temporal developments of the breach recorded by the cameras located at
downstream and upstream of the dam are given in Figure 7.9 and Figure 7.10,

respectively. The time t=0 corresponds to the starting of the seepage.

(c) (d)

Figure 7.9. The temporal development of the breach at downstream a) t=0 s, b) t=140 s, c)
t=180s d) t=220 s, e) t=280s, f) t=420s, g) t=560s, h) t=780s

(cont. on next page)
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Figure 7.9. (cont.)

(a) (b)

Figure 7.10. The temporal development of the breach at upstream a) t=0 s, b) t=140 s, c) t=180s
d) t=220 s, ) t=280s, f) t=420s, g) t=560s, h) t=780s

(cont. on next page)
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Figure 7.10. (cont.)

The temporal water depths in the channel and discharge through the breach

calculated by the Equation 7.1 are given in Figure 7.11 and Figure 7.12, respectively.
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Figure 7.12. Time-varied discharge through the breach

The temporal variations of the breach area at downstream and upstream are
shown in the Figure 7.13.
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Figure 7.13. Temporal variations of the breach area at downstream and upstream

The time-dependent wetted area and velocity values obtained by using the
Equation 7.2 at upstream and downstream are given in Figure 7.14 and Figure 7.15,

respectively.
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Figure 7.14. (a) Wetted area and (b) velocity values at upstream
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Figure 7.15. (a) Wetted area and (b) velocity values at downstream

The discharges through the breach corresponding to different instants were
calculated using the continuity equation. The boundary coordinates of the breach
surface areas and wet areas of the breach were obtained by using the Get-Data Graph
Digitizer, and the areas at each time were calculated by applying the Gauss-area
function of these obtained coordinates. The time-dependent velocity values through the
breach areas were also calculated. During the experiment, it was observed that the
breach started on the downstream side and then developed towards to upstream side.
The maximum discharge through the breach was calculated as Qpreacn=8.62 L/s at t=180
s. The breach surface area of the upstream was recorded at a maximum level of
Ayps=2643 cm? at t=780 s, while downstream Agown= 3247 cm? at t=200 s and remained
unchanged. Reached maximum wetted area was found to be Aeted.ups=336cm? at t=210
S, Auetted-downs=233 cm? at t=190 s. The maximum velocity values through the breach
were calculated as Vps=53.2 cm/s at t=150 s and Vgown=45.8 cm/s at t=150 s. The pump
was turned off at t=1800 s, and the experiment was terminated at t=780 s, and then the

experiment was terminated.

7.3. Third Scenario

In the third scenario, a new dam was constructed with a circular hole at the 54-

cm level and the middle of the dam. To generate the formation of the breach, a circular



hole of 2 cm diameter lying from upstream to downstream was created at 54 cm from
the bottom of the dam body. The experiment was started when the water in the flume
reached this level and passed through the hole. The temporal developments of the
breach recorded by the cameras located at downstream and upstream of the dam are
given in Figure 7.16 and Figure 7.17, respectively. The time t=0 corresponds to the

starting of the seepage.

(a) (b)

(©) (d)

Figure 7.16. The temporal development of the breach at downstream a) t=0, b) t=180, ¢) t=230
s, d) t=280s, e) t=340 s, f) t=380 s, g) t=410 s, h) t=570 s

(cont. on next page)
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Figure 7.16. (cont.)

(b)

Figure 7.17. The temporal development of the breach at upstream a) t=0, b) t=180, c) t=230 s, d)
t=280s, e) t=340s, f) t=380 s, g) t=410 s, h) t=570 s

(cont. on next page)
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Figure 7.17. (cont.)

The temporal water depths in the channel and discharge through the breach
calculated by the Equation 7.1 are given in Figure 7.18 and Figure 7.19, respectively.
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Figure 7.18. Time-varied water depths in channel

Discharge (L/s)

0 50 100 150 200 250 300 350
Time ()

Figure 7.19. Time-varied discharge through the breach

The temporal variations of the breach area at downstream and upstream are
shown in the Figure 7.20.
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Figure 7.20. Temporal variations of the breach area at downstream and upstream

The time-dependent wetted area and velocity values obtained by using by the

Equation 7.2 at upstream and downstream are given in Figure 7.21 and Figure 7.22,
respectively.
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Figure 7.21. (a) Wetted area and (b) velocity values at upstream
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Figure 7.22 (a) Wetted area and (b) velocity values at downstream

The discharges through the breach corresponding to different instants were
calculated using the continuity equation. The boundary coordinates of the breach
surface areas and wet areas of the breach were obtained by using the Get-Data Graph
Digitizer, and the areas at each time were calculated by applying the Gauss-area
function of these obtained coordinates. The time-dependent velocity values through the
breach areas were also calculated. During the experiment, the breach initiated on the
downstream side and then evolved towards to upstream side. The maximum discharge
through the breach was calculated as Qpreacn=8.31 L/s at t=240 s. The maximum breach
surface area at the upstream was found to be A= 3128.7 cm’ at t=520 s, while at
downstream Agown= 2379.3 cm? at t=370 s and remained unchanged afterwards. The
maximum wetted areas were Aetted-ups=2 74 cm? at t=250 s and Aetted-downs=225 cm? at
t=270 s. The maximum velocity values through the breach were calculated as V ,s=51.1
cm/s at t=190 s and Vgwn=55.8 cm/s at t=230 s for upstream and downstream,
respectively. The pump was turned off at t=380 s, and then the experiment was

terminated.
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7.4. Comparison of the Experimental Findings

7.4.1. Comparison for the First and the Second Scenarios

While the dam of the second scenario was constructed by repairing the breach
part of the dam exposed to an experiment and includes the initial hole at the middle of
the dam, the dam of the first scenario was constructed from the beginning with an initial
hole at the right side of the dam. Therefore, during the experiment, while a half breach
occurs in the first scenario, a full breach evolves in the second scenario, so that the
experimental findings are obtained accordingly.

= [jrst scenario === Second scenario
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Figure 7.23. Comparison of the discharge through the breach for the first and the second

scenarios

When the discharge through the breach for the scenarios are compared with each
other, it can be said that the peak discharge value of the second scenario is almost twice
of the first scenario, and the second scenario reaches the peak discharge in a shorter

time as shown in Figure 7.23.
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Figure 7.24. Comparison of the upstream surface areas for the first and the second scenarios
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Figure 7.25. Comparison of the downstream surface areas for the first and the second scenarios

When the surface areas for the scenarios are compared with each other for
upstream, it can be said that the maximum surface area value of the second scenario is
one and half times that of the first scenario, and the second scenario reaches the
maximum surface area in a shorter time as shown in Figure 7.24.

When the surface areas for the scenarios are compared with each other for

downstream, it can be said that the maximum surface area value of the second scenario
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is almost four and half times of the first scenario, and the second scenario reaches the
maximum surface area in a shorter time as shown in Figure 7.25.

When the wetted areas for the scenarios are compared with each other for
upstream, it can be said that the maximum wetted area value of the second scenario is
almost twice of the first scenario, and the second scenario reaches the maximum wetted
area in a shorter time as shown in Figure 7.26.

When the wetted areas for the scenarios are compared with each other for
downstream, it can be said that the maximum wetted area value of the second scenario
Is almost seven times of the first scenario, and the second scenario reaches the

maximum wetted area in a shorter time as shown in Figure 7.27.
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Figure 7.26. Comparison of the upstream wetted areas for the first and the second scenarios
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Figure 7.27. Comparison of the downstream wetted areas for the first and the second scenarios
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When the velocity values for the scenarios are compared with each other for

both upstream and downstream, it can be said that the second scenario reaches the

maximum velocity in a shorter time as shown in Figure 7.28 and Figure 7.29. The

maximum velocity value of the second scenario is twice of the first scenario for

upstream, however, for downstream, the maximum velocity value of the first scenario is

two and half times of the second scenario.
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Figure 7.28. Comparison of the upstream velocities for the first and the second scenarios
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Figure 7.29. Comparison of the downstream velocities for the first and the second scenarios
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7.4.2. Comparison for the First and the Third Scenarios

While the initial hole of the dam exists at the glass top side of the first scenario,
the third scenario possesses its initial hole at the middle top of the dam and for both of
the scenarios; dams were constructed from the beginning. Therefore, during the
experiment, while a half breach occurs in the first scenario, a full breach evolves in the

third scenario, so that the experimental findings are obtained accordingly.

e=Third scenario0 = First scenario

10.00
g 800 A
~ 6.00 A
£ 4.00
Ny
S 2.00 ﬁhL\
2 0.00 - ‘
0 500 1000 1500 2000
Time (sec)

Figure 7.30. Comparison of the discharge through the breach for the first and the third scenarios

When the discharge through the breach for the scenarios are compared with each
other, it can be said that the peak discharge value of the third scenario is almost twice of
the first scenario, and the third scenario reaches the peak discharge in a shorter time as
shown in Figure 7.30.
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Figure 7.31. Comparison of the upstream surface areas for the first and the third scenarios
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When the surface areas for the scenarios are compared with each other for
upstream, it can be said that the maximum surface area value of the third scenario is
almost twice of the first scenario, and the third scenario reaches the maximum surface
area in a shorter time as shown in Figure 7.31.

When the surface areas for the scenarios are compared with each other for
downstream, it can be said that the maximum surface area value of the third scenario is
almost three times of the first scenario, and the third scenario reaches the maximum
surface area in a shorter time as shown in Figure 7.32.

When the wetted areas for the scenarios are compared with each other for
upstream, it can be said that the maximum wetted area value of the third scenario is
almost twice of the first scenario, and the third scenario reaches the maximum wetted
area in a shorter time as shown in Figure 7.33.

When the wetted areas for the scenarios are compared with each other for
downstream, it can be said that the maximum wetted area value of the third scenario is
almost seven times of the first scenario, and the third scenario reaches the maximum
wetted area in a shorter time as shown in Figure 7.34.

When the velocity values for the scenarios are compared with each other for
both upstream and downstream, it can be said that the third scenario reaches the
maximum velocity in a shorter time as shown in Figure 7.35 and Figure 7.36. The
maximum velocity value of the third scenario is almost twice of the first scenario for
upstream, however, for downstream, the maximum velocity value of the first scenario is

twice of the third scenario.
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Figure 7.32. Comparison of the downstream surface areas for the first and the third scenarios
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Figure 7.33. Comparison of the upstream wetted areas for the first and the third scenarios
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Figure 7.34. Comparison of the downstream wetted areas for the first and the third scenarios



e===Third scenario = ====First scenario

60.00

50.00 A‘
/'

W A
e <
o o
S o

Velocity (cm/s)

Y

o

o

S
]

M

10.00 ~_

0.00 -
0 500 1000 1500 2000 2500
Time (sec)

Figure 7.35. Comparison of the upstream velocities for the first and the third scenarios
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Figure 7.36. Comparison of the downstream velocities for the first and the third scenarios

7.4.3. Comparison for the Second and the Third Scenarios

While the dam of the second scenario was constructed by repairing the breach
part of the dam exposed to an experiment, the dam of the third scenario was constructed
from the beginning with an initial hole at the middle of the dam. When the discharge

through the breach for the scenarios are compared with each other, it can be said that the
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peak discharge values are close to each other, however, the second scenario has a little
more and the dam of the second scenario reaches the peak discharge in a shorter time as

shown in Figure 7.37.
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Figure 7.37. Comparison of the discharge through the breach for the second and the third

scenarios

When the surface areas are compared, the maximum surface area at upstream
has been observed for the third scenario (Figure 7.38) and the maximum surface area at
downstream has been observed for the second scenario (Figure 7.39). This situation can
be corresponding from material caving during the second scenario experiment (Figure
7.40). The repair process may have resulted in reduced resistance to erosion.

When the wetted areas for the scenarios for both upstream and downstream are
compared with each other, it can be said that maximum wetted area values are close to
each other, however, the second scenarios has a little more and the dam of the second
scenario reaches the maximum wetted area in a shorter time for both upstream and
downstream as shown in Figure 7.41 and Figure 7.42.

When the velocities for the scenarios for upstream are compared with each
other, it can be said that maximum velocity values are close to each other, however, the
second scenario has a little more and the dam of the second scenario reaches the

maximum velocity in a shorter time for upstream as shown in Figure 7.43.
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When the velocities for the scenarios for downstream are compared with each
other, it can be said that maximum velocity values are close to each other; however, this
time the third scenario has a higher value. Nevertheless, the dam of the second scenario
again reaches the maximum velocity in a shorter time for downstream as shown in
Figure 7.44.
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Figure 7.38. Comparison of the upstream surface areas for the second and the third scenarios
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Figure 7.39. Comparison of the downstream surface areas for the second and the third scenarios
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Figure 7.40. Material caving during the second scenario experiment
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Figure 7.41. Comparison of the upstream wetted areas for the second and the third scenarios
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Figure 7.42. Comparison of the downstream wetted areas for the second and the third scenarios
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Figure 7.43. Comparison of the upstream velocities for the second and the third scenarios
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Figure 7.44. Comparison of the downstream velocities for the second and the third scenarios



CHAPTER 8

USE OF IMAGE PROCESSING

8.1. Application of the Image Processing Technique for the First
Scenario

The image processing technique was used to monitor the erosion process in the
earth-fill dam from the side looking. In this first scenario, a 2 cm-diameter hole was
opened on the edge of the glass at the height of 54 cm from the bottom. When the water
level reached 54 cm, the passage of water from the hole started and the breach
developed over time to open from the bottom of the hole. During the experiment, there
is a continuous inflow into the reservoir. The experiment is investigated for the time
when the water level changes maximum 10%. (i.e., for the part the water level is almost
constant during the experiment). During the experiment, the erosion process was
investigated with the camera placed on the glass side. 180 cm x 60 cm side surface was
used for the videos to be analyzed. In the pictures, the bottom erosion line edges of the
opened breach and the outer surface of the dam were drawn with the Matlab (ROI-
Based Processing) “drawpolyline” command using cyan color.

Later, these pictures were recorded and only the cyan color was determined by
running the computer code using the function obtained from Matlab Color Thresholder
— RGB to recognize the Color preferred by the user in the picture. The bottom erosion
line and the outer surface of the dam at the beginning of the experiment were detected
separately, and after each detection, the bottom erosion lines at each time were collected
with the dam surface at the beginning of the experiment, and the change of the surface
depending on the time was also examined. The tonal values of the colors are set as the
threshold range [0,151] for channel 1, [202,255] for channel 2, and [204,255] for
channel 3. All curves obtained over time were collected in a single graph. Figure 8.1
shows steps in image processing for detaching erosion lines and Figure 8.2 indicates the

evaluation of erosion lines at different time instants after image processing.
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t= 340 sec
(a) (b)

Figure 8.1. (a) Original figure (b) Detaching of bottom erosion line at different time instants by

drawing polylines

@ ®) Q)

Figure 8.2. The evaluation of erosion lines at different time instants a) t=10 sec, b) t= 40 sec, c)
t=70 s, d) t= 100 sec, €) t=130 sec, f) t= 160 sec, g) t=190 sec, h) t= 220 sec, i) t=
250 sec, j) t= 280 sec, k) t=310 sec, I) t= 340 sec
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Figure 8.3 shows the evaluation of erosion lines depending on time in one

image. Besides, how the average erosion depth changes with time was given in Figure
8.4.
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Figure 8.3. Bottom Erosion lines for every 30 seconds (starting from t=10 sec)
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Figure 8.4. Average depth of erosion with time

It was observed that the average breach depth due to piping developed relatively
slowly in the first half of the experiment period, while it developed twice as fast in the
second half.

The surface where erosion occurs was painted with green color on Matlab
environment by using “drawpolygon” command in order to display the eroded area for

the side view to be used in image processing (Figure 8.5). Matlab code written using
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the function obtained from Matlab Color Thresholder — HSV was used to solve the
problem. The eroded and painted side areas were obtained by adjusting the HSV color
space. H, S, and V values were adjusted to detect colors other than green. The tonal
values of the colors are set as the threshold range [0.091, 0.538] for channel 1, [0.586,
1] for channel 2, and [0.742, 1] for channel 3. For the initial condition, the eroded side
area of the breach at t= 0 is known as 72 cm?. The eroded side area of the breach with
green color was determined by image thresholding technique and by converting it
binary image then taking its negative, the eroded area set to black color. For the moment
t= 0, after the number of black pixels was found to be 2509 with the code, it was
accepted that 2509 pixels were equal to 72 cm?, and in the pictures belonging to other
times, the breach was processed in black with the image thresholding method and the
pixel numbers were taken into account, this first limit in cm? rated by value. The eroded
side area values were found to correspond with the area values calculated with the
Gauss area calculation method by assigning coordinates with the GetData Graph

Digitizer program. A comparison of the results is presented in Figure 8.6.

Figure 8.5. The evaluation of eroded side area at different time instants a) t=10 sec, b) t=70s, ¢)
t=130 sec, d) t=190 sec, e) t= 250 sec, f) t=310 sec
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Figure 8.6. Comparison of Gaussian Equation and Image Processing

8.1.1. Comparison of the Experimental Results with the Empirical
Equations Given by Sharif et al. (2015)

Sharif et al. (2015) investigated the changes of erosion during the piping event
in a model set using the image processing technique in their study. For different A and
so that t; values they conducted their experiments where A cited as normalized dry
density which is equal to Y, /Yy, .. Where Y, is the dry unit weight of the mixture
and Yy,.... is the maximum dry unit weight. Besides, t; is run time indicating the time
when the water level changes as maximum 10%. In the experiments carried out by the
researchers, an initial hole to initiate the piping was created at the bottom of the dam
body. While Sharif et al. (2015) conducted the standard proctor test, in this study in
order to increase the probability of the piping occurrence and decrease the applied
energy, the standard proctor test (ASTM-698) was conducted by reducing the applied
energy by 50% (13 blows instead of 25) and so obtained the relationship between the
maximum dry density and optimum water content was determined as max dry density
Y’drymax= 1.794 g/em® and Wopt = 12.5 %. While calculating A value, the optimum water
content corresponding to max dry density obtained from the proctor test with 13 blows
is different than the optimum water content corresponding to max dry density obtained

from the proctor test with 25 blows. In order to take water content into consideration,

69



instead of taking the maximum dry density from the proctor test with 25 blows, the dry
density corresponding to optimum water content according to the proctor test with 13

blows was taken from the curve of the proctor test with 25 blows (Figure 8.7)

L Yay 179

- - - 0098 8.1
Varyo,, 1831 (8.1)

where Ydryopt is the dry density taken from the curve of the proctor test with 25 blows

corresponding to 12.5% optimum water content coming from the curve of the proctor
test with 13 blows.
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Figure 8.7. Obtaining the dry density corresponding to the optimum water content of
13-blow proctor test curve from the 25-blow standard proctor test curve

Within the scope of the first scenario, a hole with a diameter of 2 cm was created
in the upper layer and at the glass side of the dam body. The ratio of the mean depth of
erosion to the mean base width of the breaches was found as 1.4 = 0.1 at different time

instants for the first scenario.
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Sharif et al. (2015) investigated the area of vertical erosion during the piping
event in a model set using the image processing technique in their study. They used the
best-fit curve technique and the areas of vertical erosion are obtained as an exponential

function expressed as:

t
A, = Ay, + 7.59 x 10‘3AL)1‘3'49e2'39( Jis) (8.2)

where A = the area of vertical erosion recorded from the side camera, A;, = initial side
area calculated approximately as d;,, x L, in which L is the length of the embankment at
the bed level, taken to equal to 0.55 m in their study; and A; = area of the longitudinal-
section of the embankment up to the water surface elevation. The Ag/A; values
obtained by the equation are compared with the experimental findings of this study; the
results are represented in Figure 8.8.

The change in the eroded volume of the piping zone with time was estimated
from the recorded images. Information from images was taken by upstream,
downstream, and right-side camera records. Since the eroded side areas and average
widths are known, the area of side erosion is multiplied by the average width of erosion
to calculate the approximate volume values which is a similar approach to Sharif et al.

(2015)’ second approach for volume calculation.

—=Equation 8.2 = Experimental
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Figure 8.8. Comparison of experimental results with the investigated the area of vertical erosion
equation of Sharif et al. (2015)
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Sharif et al. (2015) investigated the change in the eroded volume of the piping
zone with time during the piping event in a model set using the image processing
technique in their study. They used the best-fit curve technique according to the second

approach and the eroded volumes are obtained as an exponential function expressed as:

t
V, =V, + 0.249 x 10-31@,1—4-8%3'19( Jts) (8.3)

where V, = volume calculated by the second approach, V;,, = initial volume of the piping
zone, and V, = volume of the embankment up to the water surface elevation. The V,/V,
obtained by equation is compared with the experimental findings of this study; the
results are represented in Figure 8.9. Both for the volume and the area equations, the
experiments in this study were investigated only for the maximum 10% water change,

the run time t; was taken as 340 s.
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Figure 8.9. Comparison of experimental results with the investigated the eroded volume
equation of Sharif et al. (2015)

When experimental findings were compared with the numerical results of the
equations presented by Sharif et al. (2015), it was determined that while very consistent
results were obtained in the first half of the experiment period, the non-dimensional area

and non-dimensional volume values observed in the experiments in the second half
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were on average 46% and 183% larger, respectively, than those obtained from the
presented empirical equations. This difference is thought to be due to the weak layers
being in different positions. In the case of the upper weak layer in question in this study,

the breach developed much faster in the second part of the experiment.

8.2. Application of the Image Processing Technique for the Third
Scenario

The image processing technique was used to monitor the erosion process in the
earthfill dam from the downstream side and upstream side, respectively, also for the
third scenario. Digital images obtained from the video camera during the experiment
were stored as 24-bit color images with a resolution of 1366 x 768 pixels. These images
have been cropped and made to size to be programmed to facilitate image processing.
The most important problem encountered in image processing studies is image
brightness. To solve this problem, first of all, the surface where the breach will occur
was painted with green spray paint in order to increase the visible spectral index of the
images to be used in image processing. On the other hand, Matlab code written using
the function obtained from Matlab Color Thresholder — HSV was used to solve the
problem. The breach areas were obtained by adjusting the HSV color space. In this
study, H, S, and V values were adjusted to detect colors other than green, that is, the
breach. The tonal values of the colors are set as the threshold range [0.196,1] for
channel 1, [0.09.1] for channel 2, and [0.333,1] for channel 3. After the color
determination, a median filter was applied to correct the rough parts of the dam surface
that would be detected as black color shown in Figure 8.10. For the initial condition, the
area of the breach at t =0 is known. Since the diameter of the breach is 2 cm, the area
is equal to 3.14 cm? The area of the breach was determined by image thresholding
technique and set to black color. For the moment t= 0, after the number of black pixels
was found to be 37 with the code, it was accepted that 37 pixels were equal to 3.14 cm?,
and in the pictures belonging to other times, the breach was processed in black with the
image thresholding method and the pixel numbers were taken into account, this first

limit in cm? rated by value.
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Figure 8.10. Time dependent image processing using Matlab Color Thresholder for downstream
— HSV. a) Original picture from experiments. b) Cropped Image c) After Color
Thresholding
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The image processing technique was also used to monitor the erosion process in
the earthfill dam from the upstream side. The same procedure has been applied,
however, this time the tonal values of the colors are set as the threshold range [0.196, 1]
for channel 1, [0.25, 1] for channel 2, and [0.333, 1] for channel 3; then for the moment
t= 0, after the number of black pixels was found to be 88 with the code, it was accepted

that 88 pixels were equal to 3.14 cm?. Image processing study for upstream is given in
Figure 8.11.
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Figure 8.11. Time dependent image processing using Matlab Color Thresholder for upstream —

HSV. a) Original picture from experiments. b) Cropped Image c) After Color
Thresholding
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For the third scenario, the breach area values for downstream and upstream were
found to correspond with the area values calculated with the Gauss area calculation
method by assigning coordinates with the GetData Graph Digitizer program. A
comparison of the results is presented in Figure 8.12 and Figure 8.13 respectively.

The ratio of the mean depth of erosion to the mean base width of the pipes was

found as 1.02 £ 0.1 at different time instants for the third scenario.
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Figure 8.12. Comparison of Gaussian equation and image processing for the calculation of
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Figure 8.13. Comparison of Gaussian equation and image processing for the calculation of

surface areas for upstream
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CHAPTER 9

NONLINEAR REGRESSION ANALYSIS

In numerical solution analyzes in which the dam failure is modelled, the breach

discharge is determined by using Equation 9.1 given for the weirs;

Q = CLH3"? (0-1)

where Q is the discharge, L is the weir crest width and H is the water load on the weir.
The C coefficient takes values ranging from 1.5 to 2.2. Since the breach formed due to
piping does not have certain geometry, this approach is not realistic and a coefficient
that varies according to the shape of the breach should be investigated. In this study,
average L and H values are obtained by determined wetted areas of upstream for each
scenario, and then C coefficient was investigated for Equation 9.1 by using nonlinear
regression analysis. C coefficient was found as 0.554 and discharge values were
estimated with a determination coefficient (R?) of 0.56 for the first scenario, 0.798 with
R? of 0.79 for the second scenario, and 1.025 with R? of 0.81 for the third scenario.
Scatter plots are represented in the following (Figure 9.1, Figure 9.2, and Figure 9.3).
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Figure 9.1. Scatter plot of observed and predicted breach discharge values by Equation 9.1 for

the first scenario
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Figure 9.2. Scatter plot of observed and predicted breach discharge values by Equation 9.1 for

the second scenario
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Figure 9.3. Scatter plot of observed and predicted breach discharge values by Equation 9.1 for

the third scenario

Since the scenarios were fulfilled with the same soil composition and
compaction, the average of the C coefficients is calculated as 0.792 and Equation 9.2

gives the breach discharge equation given for the weirs as follows:

Q = (0.792)LH3/? (9.2)

78



By using Equation 9.2, breach discharge values were calculated again for all the
scenarios, and R? values were obtained the same for all the scenarios and their scatter

plots are given in the following (Figure 9.4, Figure 9.5, and Figure 9.6).
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Figure 9.4. Scatter plot of observed and predicted breach discharge values for the first scenario

with breach discharge equation obtained by average C coefficient (by Equation 9.2)
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Figure 9.5. Scatter plot of observed and predicted breach discharge values for the second
scenario with breach discharge equation obtained by average C coefficient (by
Equation 9.2)
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Figure 9.6. Scatter plot of observed and predicted breach discharge values for the third scenario

with breach discharge equation obtained by average C coefficient (by Equation 9.2)

Besides, a nonlinear regression analysis was conducted for the power of the
breach discharge equation given for the weirs, so the equation becomes as follows:

C and x coefficients were investigated for Equation 9.3 by using nonlinear
regression analysis. C coefficient was found as 9.813, x coefficient was found as 2.542
and discharge values were estimated with a determination coefficient (R?) of 0.85 for
the first scenario, C coefficient as 0.780, and x coefficient as 1.491 with R? of 0.79 for
the second scenario, and C coefficient as 1.107 and x coefficient as 1.528 with R? of
0.82. Scatter plots are represented in the following (Figure 9.7, Figure 9.8, and Figure
9.9). When the coefficients are compared with each other, it can be said that the x
coefficients obtained by the second and third scenarios which were conducted by
creating the initial hole at the middle were too close to each other and close to the power
of Equation 9.1 which is 1.5. However, both the C and x coefficients of the first
scenario whose initial hole exists at the glass side were much far away from the

coefficients obtained by other scenarios. Besides, the C coefficients of the second and
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third scenarios obtained for Equation 9.3 were too close to the coefficients obtained for

Equation 9.1, respectively for each scenario.
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Figure 9.7. Scatter plot of observed and predicted breach discharge values by Equation 9.3 for

the first scenario
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Figure 9.8. Scatter plot of observed and predicted breach discharge values by Equation 9.3 for

the second scenario
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Figure 9.9. Scatter plot of observed and predicted breach discharge values by Equation 9.3 for

the third scenario

Since the coefficients obtained by the first scenario were so different than other
scenarios, only the average is taken for the coefficients of the second and third
scenarios. The average of the C coefficients is calculated as 0.9435 and the average of
the x coefficients is calculated as 1.5095. Equation 9.4 gives the breach discharge

equation given for the weirs as follows:

Q = (0.9435)LH150% (04

By using Equation 9.4, breach discharge values were calculated again for the
second and third scenarios, and R? values were obtained the same for the scenarios, and

their scatter plots are given in the following (Figure 9.10 and Figure 9.11).
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Figure 9.10. Scatter plot of observed and predicted breach discharge values by Equation 9.4 for
the second scenario
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CHAPTER 10

CONCLUSION AND RECOMMENDATIONS

The place of the initial hole affects the discharge of water through the
breach, surface breach areas, wetted areas, and accordingly velocities for
upstream and downstream.

The discharge of water through the breach at the dam including the initial
hole at the middle was approximately twice of the dam including the initial
hole at the glass side.

The maximum breach surface area at upstream is greater than at
downstream.

While the ratio of the mean depth of erosion to the mean base width of the
breaches was found as 1.4 + 0.1 at different time instants for the first
scenario whose initial hole exists at the glass side, for the third scenario
whose initial hole exists at the middle of the dam, the ratio was found as 1.02
+ 0.1 at different time instants.

Painting the surface of the dam with green color makes the image processing
easier.

The comparison of the areas obtained by Gauss area calculation and image
processing shows that image processing is a good alternative method to
calculate the area.

In order to be aware of the exact soil properties and obtain exact
experimental findings, the dam should be constructed from the beginning
rather than repairing the failed part, because it has been seen that, there were
some differences between the experimental findings, especially at the time
parameter when the second and third scenarios were compared.

To test repeatability and symmetry, the repetition should be conducted for
each scenario.

In this study, only by using one soil composition and one compaction rate,
the scenarios were carried out. However, scenarios can be handled again by

using different soil compositions and compaction rates.
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By changing the level of the initial hole, the experiments should be repeated
and experimental findings should be compared.

Rather than creating the weak region with an initial hole, the weak region
can be maintained by changing the soil compaction rate of the weak part or
by using a different material which can increase the probability of seepage,
and the experiment can be repeated.

The nonlinear regression analysis should be tried again for a scenario
conducted for the dam whose initial hole exists at the glass side to check
obtained C and x coefficients for Equation 9.3.

The nonlinear regression analysis for Equation 9.3 showed that x coefficients
were acquired too close to 1.5 for the scenarios conducted where the initial
hole was created at the middle, which has a good agreement with the breach
discharge equation given for the weirs in numerical solution analyses in

which the dam failure is modelled (Equation 9.1).
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