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Abstract

When settlements are located close to a dam, it is important to accurately predict the breach
peak flow and the time to reach the peak. Therefore, the prediction of dam breach proper-
ties is essential in dam break studies. Dam breach parameters such as the breach side slope,
final bottom width, final bottom elevation, weir coefficient, breach formation time, and ini-
tial elevation of reservoirs are the key variables for estimating the peak discharge during a
dam break scenario. In this study, these six breach parameters were analyzed to investigate
the impact of breach parameters on breach peak flow and the time to reach the peak. Thus,
several scenarios were calculated and compared for Atasu Dam. The results revealed that
the role of the initial water elevation, final bottom elevation, and breach development time
had more of an impact on the breach peak flow and the time to reach the peak. In addi-
tion, the study indicated that the final bottom width and breach weir coefficient were less
sensitive to both the peak discharge and peak discharge time. Furthermore, the analysis
indicated that the breach side slope parameter had no major influence on the time to peak
while also having an insignificant impact on the peak discharge. Understanding this breach
mechanism provides a basis for relevant research in designating key parameters for dam
break analysis. Thus, the results can contribute to decision making toward the design of
flood mitigation and dam emergency action planning.
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1 Introduction

Floods are considered one of the most common devastating natural hazards in terms of
life and property loss (Anilan and Yiiksek 2017). Some of the most damaging flash flood
events worldwide are associated with dam breaches (also widely called dam breaks), which
release a large amount of water to downstream areas, thus endangering not only human
life, but also the economy, damaging structures, and causing the destruction of the natu-
ral environment/ecosystems (Psomiadis et al. 2021; Yudianto et al. 2021; Garoosi et al.
2022). Therefore, it is important to understand the mechanics of the break process in a dam
collapse in order to prepare dam break-induced flood—wave inundation maps, as well as
to identify high-hazard zones so as to create emergency plans (Peng et al. 2021; Li et al.
2021; Karim et al. 2021; Zali et al. 2021).

Dam breaches can be triggered by natural factors or human activities such as earth-
quakes, overtopping, flooding exceeding the designed level, insufficient capacity of spill-
ways or reservoirs, piping, military destruction, dam foundation failure, or poor-quality
construction (Karim et al. 2021; Ramola et al. 2021; Yudianto et al. 2021). In recent years,
the probability of dam breaches caused by extreme weather due to global climate change
has also greatly increased (Li et al. 2021). Due to the geometric, hydraulic, natural fac-
tors, and complexity of the nonlinear rapidly varied unsteady flow regime, the theoretical
solution is still limited to a few simple problems (Garoosi et al. 2022). Therefore, there is
always a risk of devastating damage (Ozmen-Cagatay et al. 2022).

For many years, many analytical, numerical, statistical, and experimental models have
been constructed for dam break-induced flood—wave propagation, and they are widely used
in flood risk mapping (Turhan et al. 2019; Zali et al. 2021; Ozmen-Cagatay et al. 2022).
Many researchers have developed numerical models that were calibrated and verified
against experimental and field data (Tingsanchali and Chinnarasri, 2001; Shen et al. 2020;
Wang et al. 2022). Certain studies have focused on assessing the risk of dam overtopping
failure probability via statistical processes (Zhang and Tan 2014; Liu et al. 2018; Sarchani
and Koutroulis 2022). Various studies have utilized empirical equations to estimate the
peak breach discharges and breach parameters (Haltag et al. 2016; Riha et al. 2020), while
others have examined the uncertainty of breach parameters through stochastic modeling
(Bellos et al. 2020). Numerical model studies have been performed in both one-dimen-
sional (1D) and two-dimensional (2D) models (Haltag et al. 2016; Marangoz and Anilan
2022). During the last two decades, due to the rapid development of computer power and
mathematical algorithms, the application of CFD as a promising alternative to analytical
methods has become more important and widespread (Garoosi et al. 2022). Peng et al.
(2023) carried out a three-dimensional (3D) numerical analysis of a dam break event by
using the volume-of-fluid method and various turbulence modeling approaches. They also
verified their results with the experimental data of a previous study. Khoshkonesh et al.
(2023) also used a CFD package for a 3D dam break analysis. They used the model for esti-
mating the flow characteristics during a dam failure for various conditions.

Most of the previous studies have focused on the basic hydraulic features, including the
depth, discharge, and velocity, but they did not consider the dynamics of the interaction
between the breach parameters and flow hydrograph (Lee 2019; Sarchani and Koutroulis
2022; Marangoz and Anilan 2022). Determining which parameters are the most critical
and which ones are negligible still requires more investigation. The results of this study
demonstrate that the breach parameters should be ordered according to their relative influ-
ence on flood peak hydrographs and the time to reach the peak.
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To understand the impact of the breach parameters on these aspects, 6 of the most com-
mon breach parameters were selected and 36 scenarios were examined. A mathematical
system was built to investigate the parameter-based effects. An accurate prediction of
breach characteristics has practical significance for providing people with early warnings,
thus enabling more successful emergency evacuations, which reduce life loss and property
damage.

2 Breach Modeling Procedure

A breach can be defined as a small cut or crack in a dam body that can initiate a dam fail-
ure process, which thus leads the reservoir water to move downstream of the dam with full
velocity (Yi 2011). All failure events start with a breach initiation process. The dam break-
induced flood hydrograph properties and flow properties primarily depend on the breach
geometry and breach formation time (Peter et al. 2018; Ramola et al. 2021). Breach param-
eters can be grouped according to their characteristics: (i) geometric parameters (the width
of the breach, the slopes of the breach, and the final height of the breach); (ii) time-related
parameters such as breach formation time; and (iii) parameters that characterize the breach
flow (the discharge coefficient, the height of the breach, the tolerable height of the water
before a failure occurs, the weir coefficient, and the height where internal erosion begins)
(Bellos et al. 2020; Bello et al. 2022). Many of these variable combinations can be found
in field conditions, thus resulting in different scenarios. Breach depth is usually taken to be
the dam height, and some argue that the breach side slope angle should be taken as vertical
for most cases; as such, the breach width and breach formation time are the two parameters
of most interest (Wahl 2010). Froehlich (2008) reported that there may also be uncertain-
ties regarding breach properties. In dam break simulation models, the user is required to
estimate the breach geometry and dimensions independently and provide this information
as an input to the simulation model. The uncertainties of these dam breach models are
often quantified in terms of prediction errors, which are minimized during model calibra-
tion by selecting appropriate data and fitting procedures (Peter et al. 2018).

The dam breach models available in the literature can be classified as follows: (1) empiri-
cal models, (2) parametric-based models, (3) physical-based breach models, and (4) statis-
tical models. Empirical models are widely used in dam breach analysis as they are easier
to use for estimating breach parameters. Parametric-based models are also generally simple;
however, their accuracy of prediction is questionable. The physical-based models are more
complicated to implement structurally, but they provide realistic results. Regression analysis-
based statistical models are carried out using real dam failure data and estimating the param-
eters, which is achieved by characterizing the breach development as a function of other dam
and reservoir characteristics (Zhu et al. 2004; Peter et al. 2018; Zhong et al. 2020).

3 Study Area and Data

Atasu Dam is in eastern Turkey in Trabzon Province, which is located between 38° 30
'—40° 30 ' east longitudes and 40° 30 '—41° 30 north latitudes. It is situated on the
Galyan Stream in Macka Town, and it is connected to the city center via Degirmendere
Stream. Atasu Dam is a concrete-paved, rock fill-type dam, and it is equipped with a lateral
spillway on the right bank. The total effective crest length of the spillway is 90 m with a
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Table 1 Specifications of Atasu

Dam Physical parameter Unit Value
Thalweg level m 206.50
Foundation level m 202.55
Crest elevation m 320.55
Crest length m 372.26
Crest width m 7.8
Dam height from the foundation m 118
Dam height from the thalweg m 116
Total reservoir volume at normal water level hm? 35.75
Total reservoir volume at maximum water level hm? 37.87
Total reservoir volume at catastrophic water level hm? 39.11

Nonlinearity on
Breach Parameter

Linearity

Fig. 1 Nonlinearity on the breach parameters

discharge capacity of 745.50 m?/s (Marangoz and Anilan 2022). A list of features of Atasu
Dam is presented in Table 1.

4 Method

In this study, six of the most effective dam failure parameters i.e., the left-right slope,
breach weir coefficient, breach formation time, final bottom width, final bottom elevation,
and initial elevation were continuously increased at certain rates, and the effects of these
increments on the breach flow and time to reach the peak were assessed. In Fig. 1, p; and
p; represent the amount of the increment and the tested failure model, respectively. Non-
linearity was obtained through the increments of parameters at a parabolic curve. Unlike
linearity, a nonlinearity is obtained by increasing parameters at logarithmic rates.
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In the figure, p;, represents the unit state of the parameters, p; shows the value that was
increased by 5%, and p;,; shows the value of p; that was increased by 5%. Each of the
eXpressions, Pjg, Pj» Pj+1--- Pj+s, show the increment results of the ambiguous parameters
that were considered in dam failure. In this way, 5 models were obtained by increasing
the initial value of each of the 6 parameters by 5% compared to their previous numerical
values. While each of the parameters were increased, the others were kept constant. In this
way, only the independent effects of the relevant failure parameter properties on the breach
could be observed. A bold parabolic curve was the considered ambiguous parameter itself.
Each parameter can be expressed as in the following:

Paoy = Jip(oys Pi = Jip(1y Pty = Jip2)y Pava) = Jip43) Pivs) = Jipan Pavay = Sip+sy

The selected parameter increments, and initial values were in compliance with Froe-
hlich’s (1995b) empirical breach formation system, which is shown in Eq. (1) and Eq. (2):

By, = 0.1803 5 K 5 V232 s p)? 1)

t; = 0.00254 5 V> 5 b 00 )

Here B,,.: average breach width (m), V,: reservoir water volume which is above the
breach bottom in the moment of failure (m?), hy: total breach height. K, can be taken as 1.4
in the case of overtopping. The duration which is between the failure of the dam and the

breach reaching its final form is defined as t;.

4.1 The Outflow Hydrograph and Stage Headwater of Breach Shape on the Dam
Axis

The flow through the dam axis was equal to the sum of the flow over the crest of the dam, the
flow through the breach, and the flow through the spillway and bottom weir of the dam (Eq. 3).

Qr = Qo + Qp + Qs + Quos 3)

Here Q shows the flow through the dam axis at a certain time t during dam failure, Q,
shows the flow over the crest of the dam, Q, shows the flow through the breach, while Q;,
and Q,, show the flows through the spillway and bottom weirs of the dam, respectively. In
dams where the spillway is above the body of the dam, the flow through the spillway can
be included in the flow over the crest of the dam. The flow through the bottom weir can be
expressed with the orifice flow. However, it can be neglected if it is thought that the bot-
tom weirs are closed during the failure, or if the flow through the bottom weir is negligible
when compared to other flow expressions. In this way the expression Q=Qy+Q,, can be
simplified as the sum of the flows over the crest and through the breach. Harris and Wagner
(1967) and Brown Richard and Rogers (1981), in their studies, expressed the flow over the
dam with the physical model they developed. Accordingly, the total flow through the dam
axis can be obtained by the following equation (Eq. 4):

Qo=(gA’W™)*’ )

here, W: crest length (m), A: cross-section of the flow over the crest, (mz), g: gravitational
acceleration. Cross-sectional area of the flow over the crest, on the other hand, can be cal-
culated using the following equation (Eq. 5):
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A=Wy, (3)

Here, y, is the height of the critical flow over the crest (m). This value is expressed as
75% of the difference between free water surface h(t) and the crest elevation z(t) (Eq. 6):

ye= 0.75(h(t) — z(t)) (6)
If (Eq. 4) and (Eq. 5) are written in the equation (Eq. 6);
Qo = 3.68W(h(t) - z(1))"” (7)

(Eq. 7) expression can be obtained. According to the physical model produced by Singh
and Scarlatos (1987) and developed by Singh and Quiroga (1987), the flow through the
breach in the body of the dam can be expressed using the following (Eq. 8):

Q, =0Q; +Qq (8)

here; Q; represents the total flow through the breach for trapezoidal breach assumption
in an earthfill dam where the breach is formed with overtopping, while Q, stands for the
flow through the triangular or rectangular breach. In obtaining the breach flow (with the
assumption that it is in consistency with the wide-crested weir model), rectangular and
triangular breach calculations are made in the case of a trapezoidal breach and the values
obtained are summed (Eq. 9). Accordingly.

Qy = Q; + Qq = C4C,b(y, ()™ + C4C,b(y, (1) )

where C; is the discharge coefficient, b is the breach bottom, C, is the discharge coefficient
for the triangular section (\/ﬁ/ s) and C, is the discharge coefficient for the rectangular
section (\/I;/ s). If the effects of the tailwater are to be considered, Q, must be modified
(Singh 1996). However, in this study, the tailwater was not considered. In the following
equation, h, is the height of the dam, y is the water height in the main channel z,, h, is top
of the breach and the water load on dam axis during the failure at “’t"’ time, and D is the
distance between the bottom of the breach and crest:

M>067 10
h(O 2,00 (10)

in the case where the expression above is valid, a correction of Q, value is made. The flow
hydrograph was obtained by calculating the flow rates Q, and Q, for each time step. For
this, the change in water must be expressed in terms of height and should be considered in
the upstream side. In the case where the (Eq. 10) expression is not valid, then it can clearly
be said that the Q, flow is not affected by the tailwater.

4.2 Management of the Breach Parameters

Each of the 6 dam failure parameters were increased in an order and their effects on the dam
failure were investigated. Increments of 5% compared to the previous value were implemented
five times. The reasons for the selection of a + 5% increment method was due to the investiga-
tion of the parameter effects of the dam failure and in being able to create a scenario within a
confidence interval. In this way, 36 dam failure scenarios were examined. Despite the chang-
ing parameters, the other 5 parameters were kept constant at their initial values. Fixed values
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were determined in accordance with Froehlich (1995a) dam breach acceptance. In addition,
the ranges of possible values for breach characteristics (USACE 2016) and the values between
the minimum and maximum numerical values of any parameter were designed in accordance
with the dam (Table 2). Breaches are formed as a result of the failure of the dam in expanding
in time and overcoming its final form. In this study, the shape of the breach was accepted as a
trapezoidal section. In all cases, the mode of failure was overtopping.

4.2.1 Breach Side Slopes

Although a breach on the dam body does not have to have a specific geometric shape in a real
dam failure, it was assumed to have a specific geometric shape in order to facilitate mathemat-
ical expression and to be able to predict breach formation. The shape of the breach was due to
the initiation of the dam failure being assumed as trapezoidal in this study. Breach formation
was again assumed as trapezoidal. The right and left side slopes of the resulting trapezoidal
cross-section were influential in determining the flow resulting from the dam failure. Accord-
ingly, it was assumed that they are equal, and the right and left side slopes were modified,
as shown in Table 3. In this way, while the breach side slope takes a value of 1.2 in the first
scenario, the other values were taken as 1.26, 1.32, 1.39, 1.46, and 1.53, respectively, and the
first six scenarios were thus completed. The left-right slope, also termed the breach side slope,
can be explained as the horizontal distance to the 1-step vertical distance. Since the first value
was selected as 1.39 for the left—right slopes, this value was kept constant in all parameter
increments.

4.2.2 The Breach Weir Coefficient

The breach weir coefficient parameter changes the outlet hydrograph by directly affecting the
flow through the breach after breach formation. Unfortunately, the exact knowledge of the
magnitude of these coefficients for a dam failure (either by overtopping or piping failure) is
not known. There are many approaches for obtaining the breach weir coefficient parameter,
but this situation might not be valid for every dam type. However, the same coefficients are
often used when calculating the physical properties of a flood wave overtopping a dam or
passing through a weir.

These coefficients can be evaluated according to two different types of weirs. First, a typi-
cal sharp-crested weir problem is solved to estimate the breach flow, which occurs when the
water in the dam reservoir continuously cuts the dam body like an arrow. However, earthen
dams with medium-to-very-large storage volumes upstream will most likely have failed all the
way down to the natural stream bed elevation; thus, they will be in the breach widening phase
when the peak outflow occurs. This would suggest the use of a weir coefficient (C) that is
typical of a broad-crested weir with a long crest length. A broad-crested weir problem can be
solved via the calculation of the flow through a trapezoidal breach or flow overtopping a dam
body that is eroded up to halfway. Trapezoidal weir side slopes that are known can be modeled
using the following equation (Eq. 11):

Q = 0.4CZH*} an

here, Q: discharge over side-sloped portion of weir (cm/s), Z: side slope (Z horizontal to
1 vertical) of the weir crest, H: distance between water surface and the crest (m), C: weir
coefficient, typically between 1.1 to 1.8 for earthfill dam on Metric System.
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Table 3 Breach parameter values for different cases

Cases
Parameters 1 2 3 4 5 6
Breach side slope 1,20 1,26 1,32 1,39%:* 1,46 1,53
Breach weir coefficient 1,4%%* 1,47 1,54 1,62 1,7 1,79
Breach development time 0,51%* 0,49 0,46 0,44 0,42 0,4
Final bottom width 42%% 44,10 46,31 48,62 51,05 53,60
Final bottom elevation 306,31 291,72 277,83 264,60 252,00 240%:*

Initial elevation of reservoir 248,00 260,40 273,42 287,09 301,45 316.5%*

** represents default value for other cases

The numerical values of the breach weir coefficient used in the calculations are presented
in Table 3. The breach weir coefficient was taken as 1.4 in the first scenario, and then as
1.47,1.54,1.62, 1.70, and 1.79 in the other five scenarios, respectively. As such, the first six
scenarios were completed in this way. Since the initial value for this ambiguous parameter
was taken as 1.4, the first value was kept constant for all the other parameter increments.

4.2.3 Breach Formation Time

Since the velocity in the dam reservoir was at its maximum at the center of the chan-
nel, the first breach openness in the dam mostly took place in the middle of the dam
and continued to form as long as the upstream flow permitted, up until the bottom bor-
der of the breach became visible. Sometimes this border was equal to the dam height,
while in other cases it formed independent of that height. Still, the volume of the res-
ervoir was found to be effective in this formation mechanism. In Fig. 2, a scheme of a
breach formation, which is from the middle of the dam crest down to a certain amount
below, is shown. Accordingly, after 0.51 h, the deformation of the dam body caused by
the water remaining in the reservoir was limited. Therefore, this period was referred to
as the breach formation time or breach development time.

All the parameters are shown in Table 3. The breach development time parameter
was taken as 0.40 in the first scenario, and was then taken as 0.42, 0.44, 0.46, 0.49, and
0.51 in the other five scenarios, respectively. When the increments were implemented
with other ambiguous parameters, the initial value of the breach development param-
eter was taken as 0.51.

The first value was taken as 0.51 for the breach development time (hrs), and this was then
taken as 0.42, 0.44, 0.46, 0.49, and 0.51 h in the other five scenarios, respectively; as such,
the first six scenarios were completed in this manner. Since the initial value for this ambigu-
ous parameter was chosen as 0.51, this value was kept constant for all parameter increments.

4.2.4 Final Bottom Width
The final bottom width B; refers to the state when there is no more water to sluice, and
the final breach is formed in the body where the failure takes place. The final bottom

width when there is overtopping in the case of the formation of a trapezoidal breach can
be expressed as per the following (Fig. 3):
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t—=Begining of Breach

t—051hrs=t;

Fig.2 Dam break formation scheme on perpendicular axis

By =B, —2%Mbx(Cr,—Bf,) (12)

here; By,: final breach width, B,,.: average breach width, Mb: lateral breaking slope of the
breach (horizontal/vertical), Cr, and Bf,: elevation of the crest and final breach bottom,
respectively. B,,. can be obtained using any of the breach formation estimation methods.

The first 6 scenarios were completed by taking values of 44.1, 46.31, 48.62, 51.05
and 53.60, respectively, for the final bottom width, while 42 m was taken in the first
scenario. Since the initial value of 42 m was chosen for this uncertain parameter, the
relevant value was kept constant in all parameter increments.

4.2.5 Final Bottom Elevation

The final bottom elevation is one of the vaguest parameters among all breach parameters. It
implies the end level of the breach. Certain cases have shown that the final bottom elevation
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Fig. 3 Formation of a trapezoidal breach in case of overtopping
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completely matches the base or talweg elevation; however, it can also be half height of the
dam. Technically there is no adequate prediction type for this parameter. Breaches occur
in solid parts on concrete dams as per the USACE (1980) assumption. However, gradual
breaching has been observed in earthen/fill dams as per FERC (1988).

For the final bottom elevation, 306.31 m was taken for the first scenario, while 291.72,
277.83, 264.60, 252, and 240 were taken for the other 5 scenarios, respectively, thus com-
pleting the first 6 scenarios. Since the initial value for this ambiguous parameter was cho-
sen as 240 m, the value then remained constant for all parameter increments.

4.2.6 Initial Elevation of the Reservoir

Although the upper water elevation value of the dam reservoir during the failure was not
theoretically accepted as a breach parameter, it still directly affected the breach formation
mechanism. Since there is a difference between the upper elevation of the reservoir water
and the construction foundation in dams constructed in narrow valleys, the effects of this
ambiguous parameter can be amplified. However, in arid or particularly rainy regions or in
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1784 H. 0. Marangoz et al.

regions where the reservoir water is suitable for the transmission of electricity, irrigation,
and distribution lines the upper levels of reservoir water can vary considerably. Of course,
if this value is high, it would cause an expansion in the borders of the breach, which would
be formed because of dam failure and the openness of the body increasing at a higher rate.
Nevertheless, the cumulative effect of the change in the reservoir water elevation with
respect to dam failure needs to be obtained along with other ambiguous parameters.

The initial water elevation, or initial water level, parameter of the dam reservoir during
the dam break was first chosen as 248 m. It was then selected as 260.40, 273.42, 287.09,
301.445, and 316.50 m for the other five scenarios, respectively. The normal water level
under the dam’s operating conditions was 316.50 m, and it was selected as the initial value
for this parameter while the other ambiguous parameters were being tested. Due to the
fact that today’s dams are continuously monitored electronically, unlike in the past, and
as water levels are monitored both on the upstream and downstream sides, this parameter
is easier to establish and predict than other parameters. Nevertheless, extraordinary cases
might cause the initial water level of the reservoir to change and thus prevent it from being
known.

5 Results

The six ambiguous parameters examined in this study were tested for six scenarios that
were created for each of them and their respective effectiveness were investigated. Accord-
ingly, the amount of contribution to the maximum and average flow, as well as the maxi-
mum and average times required to reach the peak flow, were considered.

5.1 Parameter Efficiency on the Breach Peak Flow

Within the scope of the 36 dam failure scenarios that were planned systematically, the
failure hydrographs that occurred at the dam axis were obtained and the peak discharge
values of these hydrographs were recorded. Accordingly, the peak flow at the dam axis
with respect to the lowest and highest parameter values for each parameter was evaluated
(Fig. 4). Moreover, regarding the six scenarios formed for each parameter, a comparison of
the peak discharges based on the increment rates was also conducted (Fig. 5).

Accordingly, the side slope parameter caused an increment of 440 m?/s in the peak dis-
charge value from the first scenario to the very last. In this way, it caused a total 1.84%
increment in the peak discharge. Similarly, the peak discharge difference with respect to the
breach weir coefficient parameter at the limit values was an increment of 693 m®/s, which
was determined to be a 2.84% increase. The peak flow difference at the limit values with
respect to the breach development time parameter was 5700 m?/s. This value resulted in an
increase of 18.98%. The peak flow difference at the limit values with respect to the final bot-
tom width parameter was 1412 m?>/s, which corresponded to an increase of 5.8%. The flow
increase caused by the final bottom elevation parameter compared to the first and last param-
eter was 22,786 m’/s, which was expressed as 1450% in percentage terms. This increase
can also be expressed as a discharge increase of 23,000 m?/s in the initial water elevation
parameter, thus resulting in an increase of 1694.2%. It was observed that the initial bottom
elevation and initial water elevation parameters exceeded 100% of the initial value, and thus
increased by approximately 16 and 18 times, respectively, compared to their initial values.
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The average parameter efficiency was calculated by taking the pairwise differences for the
consecutive scenarios between the maximum flow values obtained. Accordingly, the aver-
age increase per scenario was calculated. While the average increase in peak flows for the
side slope parameter was around 0.37%; the average increase due to the breach weir coef-
ficient parameter was 0.57%; the average increase due to the breach development value was
3.8%; the average increase due to final bottom width parameter was 1.16%; the average peak
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discharge increase due to the final bottom elevation was 290.01%; and, finally, the average
peak discharge increase due to initial the water elevation was 338%.

5.2 Parameter Efficiency on Time to Peak

The failure hydrographs that occurred at the dam axis, within the scope of the 36 dam
failure scenarios that had been planned systematically, were obtained. In addition, the peak
discharge values of these hydrographs were recorded (Fig. 6). For each parameter, the
effects of the parameters on the peak times were analyzed by taking the maximum peak
time differences based on the initial value (Fig. 7).

When the differences in the maximum peak reaching times between the initial and final
values of the parameters were examined, it was observed that the peak discharge reach-
ing times were the same for all values of the side slope parameter and that no change was
observed. For the breach weir coefficient parameter, there was an average decrease of
0.47% and a maximum decrease of 2.35% in the time to reach the peak discharge from
the initial value to the final value. In other words, the increment of this coefficient caused
the flow from the dam failure to be discharged faster. From the initial value to the final
value of the breach development time parameter, the time to reach the peak increased by a
maximum of 4.94% and an average of 0.99%. The increase in the final bottom width value,
according to the scenarios, decreased the time for the flow to reach the peak by a maximum
of 4.71% and an average of 0.94% compared to the first case. In the scenario where the
final bottom elevation value was from high to low, the time to reach the peak decreased
by a maximum of 5.56% and an average of 1.11%. Finally, an increase in the initial water
elevation parameter resulted in a decrease in the flow by a maximum of 6.59% and by
1.32% on average. The average efficiency percentages of the peak reaching times, which
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Fig.6 Max. parameter efficiency on reach time to peak
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were obtained by averaging the differences between the consecutive parameters of the peak
flow reaching times of the failure waves after dam failure, are shown below.

6 Discussion

Certain studies have focused on determining the sensitivity of parameter/model approaches
by performing a sensitivity analysis (Li et al. 2021; Najar and Giil 2022). Our research
revealed the critical importance, expressed in percentages, for any parameter that can be var-
ied under a different perspective. Unlike previous research, a set of scenarios that has realistic
and large-scale frequencies are preferred rather than those established via uncertainty analy-
sis. Each parameter is tested with a reasonable case scenario under a real analytic equation
set, which is a fact that was already proven by Froehlich (1995b) for most dam break studies.

Our research was compared with the study of Basheer et al. (2017), who investigated the
influence of the dam parameter for Mosul Dam. In total, four uncertain parameters (i.e., the
breach width, initial elevation of the reservoir, breach side slope, breach development (forma-
tion) time parameters) were considered in that research unlike our six parameters. They carried
out a standard sensitivity analysis to establish the trend of the parameters. However, we did not
use a sensitivity analysis that consists of certain fixed percentage and arbitrary values as they
produce unrealistic results for each value. Instead of that type of approach, we highly recom-
mend a physical-based empirical solution with a significant number of cases for a specified
dam interest. Thus, all the cases and scenarios refer to a real probability. Moreover, we also
recommend this new approach for its superiority in determining parameter effectiveness. The
5% increment in each scenario caused a non-linearity that never overlapped nor repeated with
the previous one. Basheer preferred a 1D, cross-sectional-based topography. Our research con-
sists of a domain that includes the dam reservoir and dam only. This means that the direct flow
output after a sudden dam break under certain scenarios can be shown and calculated properly.
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A limitation in dam break parameter analysis is its validation. However, validation opportu-
nities are limited since actual dam break cases are rare and observation data are sparse (Rizzo
et al. 2023). Moreover, the conclusions established in this investigation are specific to the
study site analyzed; thus, they specifically correspond to the Atasu Dam. However, the meth-
odology could be adapted and replicated in other reservoirs of interest, and thus could deter-
mine whether the behavior is similar to that presented in this study. More research would also
be useful for the same study area. A physical-based basin model that covers the city center and
includes bridges and flood protection structures up to the point where the river meets the sea
may be useful. Moreover, a comparison laboratory scale model that uses the same approach of
our research and mathematical model would be useful for showing an effective case study with
higher accuracy. It would also be advantageous to evaluate downstream floods that are related
to dam break parameters. Furthermore, a dam breach analysis could be performed using artifi-
cial intelligence models or three-dimensional CFD models (Kyaw and Uchida 2023). A higher
level of assessment could also be provided through a probabilistic method based on a set of
potential dam break scenarios, like Rizzo et al. (2023) performed in their studies.

7 Conclusions

In a dam failure event, uncertainty in the dam breach parameters would mean that the size
of the disaster cannot be fully determined. The characteristics of the flood hydrographs
resulting from a dam breach essentially depend on the breach parameters. The effectiveness
of the parameters that will directly affect the formation of the peak flow that will occur in a
dam failure is particularly important. Therefore, understanding the breach mechanism is an
essential task for the design of flood mitigation, flood mapping, and flood warning systems.

In this paper, a comprehensive method for determining the efficiency of dam break
parameters was used for failure scenarios regarding a specific dam. To understand the
impact of the breach parameters on flood peak hydrographs and time to reach the peak, 6 of
the most common breach parameters were selected and 36 scenarios were examined. These
scenarios were tested based on the occurrence of the peak flow from the dam breach and
the time to reach the peak. According to the findings, the most effective parameters were,
respectively, the initial water elevation, final bottom elevation, and breach development
time. Thus, by using the most popular physical breach model, the dam break parameters
were shown and sorted by critical importance. Based on the results of the study, we are
able to state the following conclusions:

— The method aids in determining how to interpret possible flood risks due to dam break;
— An initial operational action saves time during any adverse conditions.

The obtained results presented in this paper can provide identifying parameters
whose effectiveness is essential for dam break analysis. Determining which parameters
are the most critical and which ones are negligible would be useful for decision makers
in terms of establishing evacuation and risk management procedures.
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