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ABSTRACT

Despite the many benefits of dams built for various purposes, their failure remains a serious
risk due to the large volumes of water they store. The simulation of dam failure incidents is
crucial for both emergency preparedness and risk mitigation strategies. This research conducts
a dam-break analysis of the Sultansuyu Dam, which sustained significant damage during the
earthquake that struck Tiirkiye on February 6, 2023, employing a hydrodynamic model for-
mulated with the InfoWorks Integrated Catchment Modelling. Five distinct scenarios were
crafted to assess both the computational cost and the dynamics of flooding behavior. There
are four scenarios with complete reservoir condition (60 m) and velocity limits of 3, 5, 10, and
15 m/s, and the last one has a water depth of 50 m and a velocity limit of 15 m/s, indicating
the depth at the time of the earthquake event. For each, flood inundation, velocity, and hazard
maps were generated. Model validation with a historical rainfall event produced satisfactory
performance (R* =0.772, NSE =0.467, RMSE =0.136 m). Results show that increasing the ve-
locity limit causes the floodwater to move through narrower cross-sections, reducing overall
inundation but increasing local flow depth. About 95% of flooded areas were classified as
extreme hazard zones. Computational time increased by 1,219 seconds from the lowest to the
highest velocity limit, indicating that lower limits require less computational effort. The study
shows how velocity limits in hydrodynamic modeling affect flood hazard and computational
efficiency, offering practical insights for dam safety and emergency planning.
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INTRODUCTION

Dams are man-made structures that hold large amounts
of water and are built for a variety of reasons, such as gen-
erating hydroelectricity, controlling floods, and providing
irrigation water. But when these dams break, a lot of water
flows downstream in the form of floods, which can cause
terrible things to happen [1]. Earthquakes, wear and tear
on the dam itself, overtopping, seepage, and other factors
can cause these failures. When this happens, the dam can
no longer hold the water pressure [2,3]. Moreover, Sesli and
Akkose [4] assessed the sliding stability of concrete gravity
dams in Turkey employing the Multiple Wedge Analysis
method and determined that earthquake acceleration is a
paramount factor influencing dam safety. Dam break flows
generate rapid increases in water levels and a flood wave.
These flows are highly unsteady and can exert significant
forces on man-made structures such as bridges and build-
ings in their path, as well as entrain large amounts of bed
material [5,6]. In order to reduce and prevent the impact of
these damages, the risk status of the regions can be deter-
mined through flood inundation maps [7,8].

The rainfall-runoff relationship that may occur due to
dam fajlure can be represented by 1D, 2D, or 3D hydro-
dynamic models depending on the structure of the surface
water body to be modeled. Al-Salahat et al. [9] created
flood inundation maps with dam-break scenarios using
the Hydrologic Engineering Center-River Analysis System
(HEC-RAS) for the Wadi Al-Arab Dam in Jordan. As a
result of the study, the maximum estimated water depth
for overtopping was 37.6 m and 26 m for piping failure.
Abdulrahman et al. [10] has performed an effort to analyze
the risk situation of downstream regions of the dam by using
HEC-RAS 2D to model the break of the Khassa Chai Dam
at Kirkuk. The result reflects that flood water will inundate
the city center within one hour and will affect most metro-
politan areas of the city. Musa et al. [11] aimed to identify
the areas that would be affected by flooding in the event of
the failure of the Sembrong Dam in Johor, Malaysia. Using
InfoWorks ICM and geographic information systems (GIS)
software, they created flood inundation maps and reported
that the flood covered a distance of more than 20 km from
the vicinity of Ayer Hitam town to Parit Raja. In addition,
the flood depth obtained for this area varies between 0.5
and 1.2 m. Azeez et al. [1] used HEC-RAS-2D software
to model the collapse of the Um Al-Khair dam in Jeddah,
Saudi Arabia, which collapsed during a severe storm event
in January 2011. They reported that the performance met-
rics measuring the agreement between observed and simu-
lated water depths were Root Mean Square Error (RMSE)
of 0.45 m and correlation coefficient of 0.57. Using hydro-
dynamic modeling often requires high computational costs
to perform these simulations, which require thousands
or millions of calculation points (or mesh elements) [12].
Graphics processing units (GPUs) have been used in recent
years for high-resolution modeling to address the heavy

computational loads [13]. In the same way, Tayfur et al.
[14] used the RANS equations and the PISO algorithm to
numerically simulate dam-break flows and sediment trans-
port over movable beds. This showed how important it is to
use efficient computational methods when modeling com-
plicated flow-sediment interactions.

This study aims to perform a dam-break analysis for
the Sultansuyu Dam in Malatya, Tiirkiye, which developed
cracks in the dam body during the earthquake that severely
affected Tiirkiye on February 6,2023. This analysis is char-
acterized by 5 different scenarios. There is no study in the
literature (as far as the authors know) that incorporates
the effect of computational costs in the analysis with dif-
ferent scenarios by setting a velocity limit. These scenarios
were created by setting velocity limits of 3 m/s, 5 m/s, 10
m/s, and 15 m/s when the dam is full (60 m water height).
In addition, the 5th scenario includes a velocity limit of 15
m/s according to the dam’s water height of 50 m on the day
of the earthquake. Flood inundation maps, flood veloc-
ity maps, and flood hazard maps were created for these
5 scenarios. For the 4 scenarios with velocity limits, the
calculation times of the models run with the same condi-
tions were compared. In addition, the model was validated
with a historical rainfall event and evaluated with statis-
tical performance evaluation criteria. Previous studies
on dam-break analysis have mostly focused on hydraulic
behavior and flood propagation, while relatively few have
examined the influence of numerical parameters such
as velocity constraints on computational performance.
Furthermore, research that integrates earthquake-in-
duced dam damage, scenario-based hydrodynamic mod-
eling, and computational cost evaluation is still scarce.
This study enhances the literature by consolidating these
elements into a unified modeling framework and illus-
trating the application of velocity-limited hydrodynamic
simulations to assess both model stability and perfor-
mance efficiency. Although modern hydrodynamic solv-
ers employ techniques such as adaptive time-stepping to
satisfy the Courant-Friedrichs-Lewy (CFL) condition for
numerical stability, high-velocity gradients in dam-break
flows often lead to excessively small time steps, drastically
increasing computational cost. In engineering practice,
imposing artificial velocity limits is a common strategy
to mitigate this issue. However, the trade-off between the
computational gain from such limits and the resulting
loss in physical accuracy (e.g., underestimation of flood
extent) remains under-investigated. Therefore, this study
also serves as a numerical experiment, quantifying how
different velocity constraints influence both the solver’s
efficiency and the resultant hazard classification in a cat-
astrophic failure scenario. The results are anticipated to
facilitate subsequent research on risk-oriented dam safety
evaluation and the enhancement of hydrodynamic models
in scenarios with limited data availability.
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MATERIALS AND METHODS

Study Area and Dam Characteristics

Sultansuyu dam is an earth core sand gravel dam and
was constructed between 1986 and 1992 on the Sultansuyu
stream in the Tigris-Euphrates Basin in Malatya province
in eastern Tiirkiye. Built for irrigation purposes, the dam
contributes to agricultural production by providing water
to 11,665 ha of land. According to the General Directorate
of State Hydraulic Works (DSI), the height of the dam crest
above sea level is 906 m, the body height from the founda-
tion is 60 m and the length is 721 m. The reservoir capacity
of the dam is 47.9 hm3 at normal operation level with a
body volume of 3.205 hm3 and a lake area of 2.5 km2. In
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addition, the project flow rate is 1,050 m3/s [15]. The loca-
tion of the dam is shown in Figure 1.

An earthquake of a magnitude of 7.8 (Mw) struck the
Pazarcik district of Kahramanmaras province in southeast
Turkey on February 6, 2023, at 04:17 local time. Then, in
the Elbistan region of Kahramanmaras province, another
earthquake with a magnitude of 7.6 (Mw) struck nine hours
after the previous one. Over 50,000 people lost their lives
and over 100,000 were injured as a result of these earth-
quakes, which hit Tiirkiye and Syria hard. The Republic of
Tiirkiye declared a state of emergency in 11 provinces. In
Malatya, one of the 11 provinces, more than 1,000 people
were dead and nearly 10,000 injured. 345,536 houses were
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damaged in Malatya and thousands of people were forced
to migrate.

Due to these two earthquakes, 140 dams were subjected
to moderate to high seismic intensity. Although all dams
were able to maintain their water retention capability, mod-
erate to large permanent deformations occurred in some
of them. For this reason, water levels in Sultansuyu and
Ariklikas dams were reduced in a controlled manner as part
of emergency response measures [16].

Sultansuyu Dam, located in Ak¢adag district of Malatya
province, is 75 km from the epicenter of the Elbistan earth-
quake. During the earthquakes, the dam reservoir’s water
level was 50 meters, and the dam’s crest and upstream slope
developed large longitudinal cracks [17]. Transverse cracks
were initially around 0.8-1.0 m, but after 10 days the depth

(e)

of these cracks reached 4.0 m (Fig. 2) [18]. The Presidency
of the Republic of Tiirkiye, Presidency of Strategy and
Budget (SSB) published a report on the Kahramanmarag
earthquakes, stating that the Sultansuyu Dam was heavily
damaged and the estimated damage cost was 705,000,000
Turkish Liras (Approximately 37 million dollars at the then
exchange rate) [19]. In this context, Sultansuyu Dam was
chosen as the study area because of the presence of settle-
ments downstream of the dam and its critical importance
for agricultural activities.

Methodology and Data Preparation

The methodology for assessing dam break analysis, as
illustrated in Figure 3, begins with data collection and con-
cludes with the analysis results. The first step is to obtain

Figure 2. Views from Sultansuyu Dam: a) view of the dam before the earthquake (adopted from [20]); b)-e) view of dam-
ages on the dam body after the earthquake (adapted from [21,22]).
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dam characteristics and isohypse maps from DSI. The
isohypse maps were used to obtain digital elevation map
(DEM) data from the topography of the empty dam res-
ervoir. Meshing using the DEM data in InfoWorks ICM
was performed using a minimum cell size of 25 m x 25
m near the dam and a minimum cell size of 100 m x 100
m in areas far from the dam. The spatial discretization of
the domain was determined through a trade-off analysis
between topographic precision and computational cost.
The mesh size was varied from 25 m in the high-velocity
zone immediately downstream of the dam to 100 m in the
wider floodplain areas. This configuration was selected to
match the resolution of the underlying digital elevation
model (DEM), ensuring that the mesh captures the essen-
tial hydraulic features of the main channel without intro-
ducing artificial precision that exceeds the quality of the
topographic data. Preliminary stability runs confirmed that
this resolution is sufficient to resolve the flood wave propa-
gation while maintaining computationally manageable run-
times. Coordination of Information on the Environment
(CORINE) land cover data was obtained from the Republic
of Tiirkiye Ministry of Agriculture and Forestry (TOB).
These two data were arranged in ArcGIS environment for
analysis in a way to be compatible with the study area and
InfoWorks ICM program. The study area contains 7 differ-
ent Manning’s (n) values according to land use/cover clas-
sification (Table 1).

Then, the DEM data, dam reservoir, and 2D flow field
were created in the hydrodynamic modeling program
InfoWorks ICM. In this study, the dam break analysis was
characterized according to different maximum flow veloci-
ties that would occur due to the dam break. These velocities
are 3 m/s, 5m/s, 10 m/s and 15 m/s. The maximum velocity
in the 2D flow area is limited to these values. These velocity
limits (3, 5, 10, and 15 m/s) are not randomly selected but
are determined to represent the flow velocities observed in
dam-break events in engineering. During an actual dam
breach, the flow velocity can reach values in the range of
3-20 m/s within a short time, depending on factors such
as breach geometry, water level difference, and downstream

topography. However, the uncontrolled increase of these
values within the hydrodynamic model leads to problems
such as numerical instability and excessive computational
cost. Therefore, different velocity limit scenarios were
applied to achieve both behavior close to physical reality
and numerical stability. Thus, the scenarios created reflect
controlled conditions representing the velocity ranges
that may be encountered in engineering. The model con-
strained by these velocities is represented with the assump-
tion that the dam is full. In addition, the dam water level of
50 m on February 6, 2023, when the earthquake occurred,
was added to the study as an extra scenario with a maxi-
mum velocity limit of 15 m/s. From the scenarios created
according to these velocities, flood inundation maps, flood
velocity maps, and flood hazard maps were provided. These
maps can be viewed in InfoWorks ICM or any geographic
information system (GIS) software.

Infoworks ICM Software And Dam Break Analyses

Floods caused by dam collapse can be predicted and
depth and velocity estimates in the downstream valley can
be obtained using mathematical hydrodynamic simulation
models [9]. The present research used the InfoWorks ICM
model with one-dimensional and two-dimensional mod-
eling capabilities. For the dam-break analysis, 2D model-
ing based on meshing was used, which reflects the terrain
topology and geometry and allows for more precise flow
routing. InfoWorks ICM program includes the ability to
solve the high computational cost of two-dimensional
hydrodynamic modeling using GPU [23,24]. In the simula-
tion setup, an instantaneous failure scenario was adopted as
the breach mechanism. This approach assumes the imme-
diate release of the entire reservoir water volume, repre-
senting a worst-case condition to analyze the downstream
flood propagation dynamics.

The shallow water equation (SWE), a depth-averaged
variant of the Navier-Stokes equations, serves as the foun-
dation for the 2D engine in InfoWorks ICM. It is used to
depict 2D flow mathematically [25,26]. The SWE presumes
that the movement is primarily horizontal and that changes

Table 1. CORINE land use/cover distribution of the study area

Label Manning’s (n) Area (km?) Percent (%)
Airports, industrial or commercial units, etc. 0.013 9.524 2.28
Sparsely vegetated areas 0.027 9.816 2.35
Non-irrigated arable land, permanently irrigated land 0.030 109.563 26.19
Pastures 0.035 2.584 0.62
Complex cultivation patterns, etc. 0.040 173.556 41.49

Land principally occupied by agriculture, with significant areas of natural 0.050 22.751 5.44
vegetation, etc.

Fruit trees and berry plantations, vineyards 0.080 90.492 21.63

Total 418.286 100
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Figure 3. Methodology of the study.

in velocity along the vertical axis can be disregarded.
InfoWorks ICM employs a conservative approach to solve
the SWE, as described below [27]:
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The following terms represent various variables related
to fluid dynamics or hydrodynamic modeling: h is the
water depth (m); u and v are the velocities in the x and y
directions (m/s), respectively; q; is the net discharge per
unit area from the ith source (m/s); u; and v; are the velocity
components in the x and y directions of the ith discharge
(m/s); g is the gravitational acceleration (m/s?); ¢ denotes
eddy viscosity (m?/s); Sy, and S, represent the bed slopes
in the x and y directions (m/m); S¢, and S, refer to the fric-
tion slopes in the x and y directions (m/m); and n indicates

Table 2. Classification of hazard values (adapted from [28])

the total number of discharge sources. These variables are
typically used to describe the movement of water, account-
ing for various forces such as gravity, friction, and external
discharges, in models of fluid flow.

To ensure numerical stability and reproducibility, the
simulation parameters were configured as follows: The
simulation was run with a maximum computational time
step of 5 seconds, subject to a timestep stability control
factor of 0.95 to dynamically adjust for high-velocity
flows. The semi-implicit weighting factor (Theta) was set
to 0.9 to dampen numerical oscillations, and the inunda-
tion mapping depth threshold (wetting/drying limit) was
defined as 0.01 m. For the downstream boundary condi-
tion, a fixed water level representing the reservoir level of
the Karakaya Dam was applied to simulate the hydraulic
backwater effect at the confluence point. Spatially distrib-
uted Manning’s roughness coefficients were applied based
on the CORINE land cover classification (as detailed in
Table 1).

The maximum flood hazard rating, which depends on
depth and velocity, is used by InfoWorks ICM to compute
the hazard values. This value is calculated with the equation
proposed by the Defra/Environment Agency of the United
Kingdom [28,29].

HR=d(v+1.5)+DF (4)

where HR is the (flood) hazard rating, d is the depth
of flooding (m), v is the velocity of floodwaters (m/sec)
and DF is the debris factor. The classification of the ratios
according to the degree of hazard is given in Table 2.

Rate Degree of Flood Hazard Description

<0.75 Low Caution

0.75-1.25 Moderate Dangerous for some (i.e. children)
1.25-2.5 Significant Dangerous for most people

>2.5 Extreme Dangerous for all
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In the calculation of the Hazard Rating, the Debris
Factor (DF) was assigned dynamically based on the stan-
dard DEFRA methodology implemented in InfoWorks
ICM. Accordingly, a value of 0.5 was applied for flood
depths less than 0.25 m, and a conservative value of 1.0 was
applied for depths exceeding 0.25 m.

Model Performance Evaluation

A suggested model’s intricate parts and few observa-
tions make it challenging to validate and calibrate. 2D
analyses such as flood and landslide simulations can be
validated using available observational data [30]. In this
study, three statistical indicators, the coefficient of deter-
mination (R?), Nash-Sutcliffe efficiency (NSE) [31], and
Root-mean-square error (RMSE), were used to deter-
mine the agreement between observed flood depth and
modeled flood depth values. R? ranges from 0 to 1 and
indicates how well the model explains the variance of
the dependent variable, with higher values represent-
ing better model fit and satisfactory performance when
exceeding 0.5 [32-34]. NSE is a measure used to validate
models involving hydrological phenomena [35]. NSE val-
ues between 1.0 and 0.8 are considered excellent, between
0.8 and 0.6 are regarded as good, and between 0.6 and 0.05
as satisfactory. Additionally, NSE values ranging from 1.0
to 0 are deemed acceptable [26]. RMSE can be any num-
ber between 0 and o, and lower values mean the model is
doing better. It tells you how big the errors are on average
between the observed and simulated values. An RMSE of
0 means that the model is perfect and has no errors [36].
The equations for the statistical evaluation criteria are
given below.

n

z('xi _xavg)z _Zn:(xi _yi)2
R2 — =l - i=1 (5)

z (xi - xavg )2

i=1

i('xi _y1)2

NSE=1-|-4=2—
Z(xi _xavg)2

i=1

RMSE = )

where xi represents the observed values, yi denotes the out-
put values produced by the model, xi-yi indicates the error
values, xavg is the average of the observed values, n is the
number of data points.

RESULTS AND DISCUSSION

Statistical Evaluation of Model Results

About a month and a half after the earthquake that seri-
ously affected the study area and Sultansuyu Dam, a heavy
rainfall event occurred in the region where Sultansuyu
Dam is located. The rainfall started on 13/03/2023 at 12:00,
stopped in places, and continued until 16/03/2023 at 05:00,
flooding areas such as living areas and orchards near the
dam. The excessive rains caused certain roadways above
and downstream of the dam to be restricted to both human
and vehicular traffic. On one of these highways, some mea-
sured values were obtained as a result of reports by local
people and news channels. When these measured values
were compared with the values measured in the model,
the statistical evaluation criteria R*=0.772, NSE=0.467, and
RMSE= 0.136 m were obtained. These results show that
the model used is satisfactory. In hydrological modeling
of ungauged or data-scarce regions, a positive NSE value
indicates that the model provides better predictive skill
than the mean observed value [37]. Considering the high
uncertainty in observation data derived from limited field
reports, these results are deemed satisfactory for emergency
flood propagation analysis. Azeez et al. [1] utilized analo-
gous validation methodologies in their simulation of the
Um Al-Khair dam breach in Jeddah, Saudi Arabia, where
the correlation coefficient (R?> = 0.57) and RMSE (0.45 m)
between observed and modeled water depths were deemed
satisfactory under constrained field data circumstances,
thereby affirming the credibility of such hydrodynamic
modeling techniques in data-deficient areas. However, it
is important to explicitly acknowledge that the validation
process was constrained to a single rainfall-runoff event
due to the scarcity of available hydrometric data in the
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Figure 4. Scatter plot for comparison between the observed
and modeled flood depths at some locations.
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post-disaster period. The Sultansuyu Dam is in a rural area
and doesn’t have a lot of hydrometric observation stations,
thus the model calibration process couldn’t be done. Even
though this situation is a problem because of a lack of data,
the fact that the validation phase employed only one rain-
fall event shows that the model can give credible findings
in similar hydrological situations. The model validation
procedure, which uses a scenario-based analysis compar-
ing technique, lessens the effect of calibration problems on
the results’ reliability. So, using the same model parameters
in all circumstances keeps the results easy to understand.
A scatter plot was made to show how the observed values

and the modeled values for the historical rainfall event were
related. This was done to see how well the model worked
(Fig. 4).

Figure 4 shows the observed and modeled flood depths
and a 45-degree line of agreement showing the line of per-
fect fit. All but one of the points are located below the line,
indicating that the measured flood depths in the model
are lower than the observed flood depths. According to
the results of the statistical evaluation criteria and scatter
plots, the model was found to have a good correlation in
prediction.

Figure 5. Flood inundation maps created according to maximum velocity limits and dam water height as a result of dam
collapse: a) 3 m/s, b) 5 m/s, ¢) 10 m/s and d) 15 m/s maximum velocity limit for 60 m dam levels, e) 15 m/s maximum
velocity limit for 50 m dam levels.
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Finally, apart from the validation constraints, this study
entails inherent uncertainties associated with the input
parameters and modeling assumptions. First, the observa-
tion data used for validation were derived from field reports
and visual evidence rather than gauge measurements, intro-
ducing a degree of uncertainty in the exact water depths.
Second, the dam breach mechanism was simulated as an
instantaneous failure to represent the worst-case scenario;
however, a gradual erosion process might yield different
peak timing and attenuation characteristics. Third, the
roughness coefficients were assigned based on standard
CORINE land cover classes without spatially distributed
calibration. Despite these uncertainties, the conservative
approach adopted herein ensures that the resulting haz-
ard maps provide a safety margin suitable for emergency
planning.

Flood Inundation Maps

In dam break analyses, the potential extent of damage
resulting from a dam failure is closely linked to the topo-
graphical features of the surrounding land. For this reason,
in order to accurately estimate the damage that may occur,
the models are made with DEM maps that represent the
topography of the land. With InfoWorks ICM, flood inun-
dation maps can be created as a result of meshing using
DEM maps [38]. In flood inundation maps, the probable
magnitude and depth of floods due to dam break analysis
are evaluated, giving meaningful information regarding
the extent and the flood severity. Similarly, the maps assist
to determine and examine probable flood consequences
through the identification of the areas that are subjected
to inundation. In the implementation of the strategies to

assist minimize flood risk and increase the resilience of the
populace to the occurrence of the natural hazard, the emer-
gency managers, policymakers, and the urban planners can
all gain through the delineation of the areas of inundation
[9]. In this context, flood inundation mapping forms the
first and most critical step of spatial impact assessment in
dam-break studies. It enables the identification of inunda-
tion boundaries, spatial variation in flood depth, and the
relationship between topography and flow concentration.
Figure 5 shows the flood inundation maps generated as a
result of the dam break analysis for maximum allowable
velocities of 3 m/s, 5 m/s, 10 m/s, and 15 m/s assuming that
the dam is full and 15 m/s when the water level of the dam
is 50 m.

The upper bound is situated at the reservoir’s dam posi-
tion, and the flow process of the dam break simulation is
used as the input condition for the flood simulation [39].
In the present study, villages downstream of the dam were
found to be inundated under all the conditions considered.

For the scenario with a velocity limit of 3 m/s, 21.09
km2, for 5 m/s, 20.51 km? for 10 m/s, 19.29 km?, for 15
m/s, 18.87 km? and for the velocity limit of 15 m/s at 50 m
water height, 15.18 km? were flooded. In this context, in a
2D analysis, it can be said that the inundated area decreases
as the velocity limit set for each grid cell increases. Similar
patterns were observed by Khosravi et al. [40] in the Sefid-
Roud Dam case study in Iran, where 2D HEC-RAS simula-
tions showed that flood depth and extent decreased rapidly
with distance from the dam and that the valley topogra-
phy strongly controlled the concentration of floodwaters
along the main flow path. In addition, the lowering of the
dam water height has also reduced the inundation area. In
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15 m/s (50 m) 28% 13% 1% B 20 - 60
= Il 15-20
' 10 -15
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[72]
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Figure 6. Proportional (%) distribution of areas covered by maximum water depths observed in the flood zone down-

stream of Sultansuyu Dam.
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addition, due to the flood water from the dam break of the
Sultansuyu Dam reaching the area where the Tohma stream
and Karakaya Dam reservoir are located, settlements and
agricultural lands located at the junction point are flooded.
Accordingly, a possible dam-break event poses a great dan-
ger to urban man-made areas and the natural environment.
Loss of life is likely to occur in the region, which includes
mostly agricultural areas, for each scenario. Percentage val-
ues of inundation area according to the depths of the sce-

narios are given in Figure 6.

As the maximum velocity limit decreased in the sce-
narios, the percentage of high-water depths in the inunda-
tion areas increased (Fig. 6). In other words, the increase
in maximum velocity limits led to a decrease in depths. In
light of these results, the study emphasizes the importance
of giving the correct velocity limit and adjusting the input
conditions more accurately in modeling applications.

When it comes to apricot production, Turkey leads the
world. Malatya accounts for over 85% of Turkey’s dried
apricot output and 55% of its fresh apricot production.
Exports account for a significant portion of the dried apricot

Figure 7. Flood velocity maps created according to maximum velocity limits and dam water height as a result of dam
collapse: a) 3 m/s, b) 5 m/s, ¢) 10 m/s and d) 15 m/s maximum velocity limit for 60 m dam levels, e) 15 m/s maximum
velocity limit for 50 m dam levels.
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production [41]. Therefore, according to the outputs of the
study, it can be said that the flooding of agricultural areas
will negatively affect Tiirkiye socially and economically.

In addition, in all 5 scenarios, the water discharged from
the dam quickly discharges to the place where the Tohma
stream empties into the Karakaya Dam reservoir. As a result
of the analysis, the flood water rapidly discharged into the
dam lake increases the water level and floods the transpor-
tation roads (Tohma bridge) and the businesses located on
the water’s edge.

Flood Velocity Maps

In this study, 5 different scenarios based on the previ-
ously mentioned velocity limits and dam levels were created
for the meshed 2D zone in InfoWorks ICM. An additional
output from these scenarios is the flood velocity maps,
whereby the flow movement of the flood wave is presented
for the whole basin as the outcome of the analysis for dam
break. The peak flood velocity is affected by a variety of
aspects, such as the basin topographical attributes, the
meandering course of the river, and the Manning’s n coef-
ficients [42]. Here, the flood velocity maps are important
for the analysis of the dynamic attributes of the flood wave,
the identification of the areas under high-velocity flow, and
the evaluation of areas at risk for the infrastructures and
the populations. The generated flood velocity maps are pre-
sented at Figure 7.

For all five scenarios, when the flood wave empties into
the Karakaya Dam, it creates a flood effect. Accordingly, it
poses a great danger to urban man-made areas and the nat-
ural environment. For the 3 m/s, 5 m/s, and 10 m/s veloc-
ity-limited scenarios, the velocity values mostly reach the

maximum velocity level downstream of the dam. In this
context, the dam break analysis for this dam and geographi-
cal features shows that more than these velocities will occur.
For this reason, the analysis was also performed according
to the 15 m/s velocity limit and it was seen that the veloc-
ities did not exceed 15 m/s (Fig. 7). Therefore, it is more
likely that the velocity profile for a possible Sultansuyu
Dam break will be as in 15 m/s. At 50 m dam water level
height, the analysis showed that the velocities did not
exceed the 15 m/s limit and progressed faster in a narrower
area compared to the 10 m/s scenario. In other words, as the
velocity limit increases in the scenarios based on the failure
of the Sultansuyu dam, the inundation area decreases but
the velocity increases. This is because the topography of the
land has a channel structure sloping towards the Karakaya
Dam reservoir. The higher the velocity, the greater the
problem for people and the environment. Because a rap-
idly advancing flood wave will reduce the effects of disaster
preparedness and make it more difficult to move away from
risky areas. The areal percentages of the velocities for all
scenarios are given in Figure 8.

As the maximum velocity limit value increases, the
velocity values in the inundation intervals are clustered in
the velocity limit region (Fig. 8). For this reason, velocities
are generally at the upper limit at velocity limits of 3 m/s, 5
m/s, and 10 m/s. However, a more consistent distribution is
observed at 15 m/s. Therefore, it is more likely that a result
similar to that at the 15 m/s velocity limit will occur in the
possible permanent break of the Sultansuyu Dam. Another
proof of this is that the spatial percentage distribution of
0-1.5, 1.5-3, and 3-5 m/s velocities in the 10 m/s and 15
m/s scenarios are identical. In addition, when the water
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Figure 8. Proportional (%) distribution of inundated areas classified by maximum water velocity categories in the down-

stream flood zone.
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height at the dam is reduced from 60 m to 50 m, there is an
increase in low velocities. However, there is a small change
in the high-velocity limits due to the high velocities at the
point where the land is connected to the Karakaya Dam.
The imposition of a maximum velocity limit acts as an arti-
ficial energy dissipation mechanism, effectively restricting
the kinetic energy available to the flood wave at the advanc-
ing front. Consequently, this reduction in momentum flux
prevents the flow from overcoming topographic resistance
in distal areas, thereby resulting in narrower inundation
extents compared to unconstrained simulations.

Flood Hazard Maps

Characterizing the depth and velocity at the water
downstream of the dam also facilitated the generation of
flood hazard maps. The classification highlighted in Table 1
served the basis for the flood hazard map generated for the
subject study. The flood hazard mapping integrates both
the depth and velocity data to determine the probable risk
to people, infrastructures, and agricultural land, facilitating
delineation of areas with very high risk within the flood-
plain. The flood hazard maps for 5 different scenarios are
presented in Figure 9.

Figure 9. Flood hazard maps created according to maximum velocity limits and dam water height as a result of dam col-
lapse: a) 3 m/s, b) 5m/s, ¢) 10 m/s and d) 15 m/s maximum velocity limit for 60 m dam levels, e) 15 m/s maximum velocity
limit for 50 m dam levels.
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Figure 10. Proportional (%) distribution of the flood inundation area classified by calculated hazard level.

As a result of the study, for all five scenarios, each
flood-affected area has an extreme flood level. According
to this flood level, everyone is in danger in such a situation.
This is because the depth and velocity of the flood water
are quite high in this region. This is because the height of
the downstream of the dam above sea level is gradually
decreasing and the flood moves along a channel. Thus, the
flood water moves in a strip without spreading around and
reaches the extreme hazard level for each region. Percentage
values and changes of flood hazard ratios according to
inundation area are given in Figure 10.

Dam failures present significant risks due to the combi-
nation of high flow depths and velocities. In the case of the
Sultansuyu Dam breach analysis, the resulting flow, charac-
terized by both high velocity and depth, posed considerable
threats to life and property within the affected flood zones.
Consequently, the flood hazard index, which is determined
by both depth and velocity, reached its peak value across
nearly all inundated areas (Fig 10). Since the majority of
the dam-break flood wave exhibits depths significantly
larger than 0.25 m, the analysis effectively accounts for the
high debris potential (DF=1.0) characteristic of such cata-
strophic events, thereby reinforcing the extensive ‘Extreme
Hazard’ classification observed in the domain.

Results in Settlements

There are rural living areas in the downstream areas of
Sultansuyu Dam. Livestock breeding and agricultural pro-
duction are quite common in these areas. Within the scope
of this study, the regions where the human factor is intense

Figure 11. View of the geographical location of the result
points.
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downstream of the dam were determined and the veloc-
ity and depth profiles for these regions were examined in
detail. The locations of these points in the study area are
given in Figure 11.

The graphs of depth values in densely populated areas
for all 5 scenarios are given in Figure 12.

In order to examine the behavior of the velocity limit
in the region from the downstream of the Sultansuyu Dam
to the Karakaya Dam reservoir, human density areas were
determined. As the velocity limit increased, the depth val-
ues decreased. In fact, the result point 1015697 took the
value of 0 when the maximum velocity limit increased to 15
m/s. In light of these results, it is seen that the increase in
the velocity limit causes a decrease in the inundation area.
The graphs of velocity values in densely populated areas for
all 5 scenarios are given in Figure 13.

At the velocity limits of 3 m/s and 5 m/s at the successive
and interconnected result points, the values are maximized
at many points. However, as the limit increased to 15 m/s,
the values became more significant. Up to the 10 m/s veloc-
ity limit, the result point 2452639 seems to have the highest
values, while the result point 1315641 has higher values as
the limit increases to 15 m/s. In light of these results, the
velocity values in a streamflow decrease as the inundation
area increases at lower velocity limits. Because the flow is
limited to a velocity limit, the flow will tend to spread more
and increase the inundation area. However, at more sig-
nificant velocity limits and if the downstream of the dam
behaves like a streamflow as in this study, higher velocity
and lower inundation area will be observed. As illustrated

in Figure 13, the temporal evolution of flow velocities indi-
cates the flood arrival times at critical locations. For the
downstream boundary at the Karakaya Reservoir conflu-
ence (Point 4048387), the flood wave arrives approximately
71 minutes after the breach in the 15 m/s scenario, demon-
strating the rapid propagation of the flood front.

Comparison of Computation Times of Scenarios

Models with complex topography or hydraulic struc-
tures may require the use of 2D or 3D hydrodynamic
models [43]. GPUs, which provide high-performance com-
puting (HPC) at low cost and low energy consumption, can
also be used in hydrodynamic models, providing benefits in
work areas involving many components [44]. In this study,
for the model created in InfoWorks ICM, 5 scenarios were
run using GPU under the same conditions. The simulations
were performed on a workstation equipped with an AMD
Ryzen 7 2700 Eight-Core Processor (3.2 GHz), 16 GB RAM,
and an NVIDIA GeForce RTX 2070 GPU (8 GB VRAM).
In this hardware environment, the scenario with a 3 m/s
velocity limit was completed in 13120 seconds, for 5 m/s in
13317 seconds, for 10 m/s in 13411 seconds and for 15 m/s
in 14339 seconds, and the un-capped (no velocity limit)
reference simulation was completed in 15796 seconds.
The results indicate a consistent trend where relaxing the
velocity constraints increases computational effort. While
the hydraulic results (maximum depth and inundation
extent) of the un-capped scenario deviated by less than 1%
from the 15 m/s scenario, the computation time increased
by approximately 10% (1457 seconds) compared to the 15
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Figure 12. Change in depth values at selected result points with respect to time: a) 3 m/s, b) 5m/s, ¢) 10 m/s and d) 15 m/s
maximum velocity limit for 60 m dam levels, ) 15 m/s maximum velocity limit for 50 m dam levels.
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m/s case. This demonstrates that high velocity gradients
in unconstrained flows force the solver to use smaller time
steps to maintain stability, thereby increasing the computa-
tional load without providing meaningful improvements in
accuracy. Therefore, velocity limit values are considered an
important model parameter not only in physical terms but
also in terms of numerical solution performance. Although
the differences in computational time among the scenar-
ios appear relatively small, these variations become critical
in large-scale or long-duration simulations. In such cases,
even minor increases in computational demand can sig-
nificantly affect resource allocation, model optimization,
and real-time decision-making in flood risk management.
In addition, understanding how velocity constraints influ-
ence computational effort helps improve model efficiency,
especially when applied to high-resolution domains or
multi-breach analyses. In this context, it shows that there
is a linear relationship between the maximum velocity limit
and the computational times.

The hydrodynamic model employed in this study can
be contextualized by comparing it with other widely used
tools like HEC-RAS 2D and TELEMAC-2D. While HEC-
RAS 2D is recognized for its robust capabilities in simu-
lating flood wave propagation in semi-arid terrains [45],
and TELEMAC-2D offers high flexibility for complex sce-
narios such as urban flood routing [46] and cascade reser-
voir scheduling [47], all high-resolution 2D hydrodynamic
simulations inherently demand significant computational
resources. In this context, the InfoWorks ICM platform uti-
lized in this research distinguishes itself not by eliminating

this cost, but by offering an integrated GPU-accelerated
engine combined with flexible stability controls (such as the
velocity limiters analyzed here). This combination allows
for a more effective management of the trade-off between
computational effort and numerical stability, particularly
in emergency planning simulations where optimizing run-
time is crucial.

CONCLUSION

In this study, the dam-break analysis of the Sultansuyu
Dam, which was damaged by earthquakes of magnitude
7.8 (Mw) and 7.6 (Mw) in Kahramanmarag province of
Tiirkiye, was carried out. There are many agricultural lands
downstream of Sultansuyu Dam in Malatya. The analysis
was conducted using a hydrodynamic model developed
with the InfoWorks Integrated Catchment Model software
to simulate dam-break behavior and flood propagation. In
the study, 5 different scenarios were created with 4 different
velocity limits (3 m/s, 5 m/s, 10 m/s, and 15 m/s) at full
dam water level and a velocity limit of 15 m/s based on the
dam’s water height of 50 m on the day of the earthquake. It
was also investigated whether there is a correlation between
velocity limit and calculation time in hydrodynamic mod-
els. As a result of the dam-break analysis, flood inundation
maps, flood velocity maps, and flood hazard maps were
created for 5 different scenarios. Finally, velocity and depth
values were analyzed by taking result points from areas with
high human density. The results based on the analysis of the
simulations carried out in this research are as follows:
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o The model was validated with a historical rainfall
event. The statistical performance evaluation measures
R?=0.772, NSE=0.467, and RMSE= 0.136 m and the
result are satisfactory.

o In the dam-break analysis, as the maximum velocity
limits increased, the flow moved through a narrower
cross-section. In other words, the spread of flood water
decreased. The overtopping flood depth in the topogra-
phy also decreased.

o According to the results of flood hazard maps, areas
with hazard values greater than 2.5 for all scenarios are
above 95% of all inundation areas. In other words, the
hazard class in these areas is extreme and dangerous for
everyone.

o Agricultural lands and discontinuous city structures
downstream of the Sultansuyu Dam are also under
threat in a possible dam break.

o Due to the fact that the flood water caused by the dam-
break of Sultansuyu Dam reaches the region where the
Tohma stream and the Karakaya Dam reservoir are
located, the floodwaters spread all around at the junc-
tion point, flooding settlements and agricultural lands.

o The analysis revealed a direct correlation between
the velocity limit threshold and computational effort.
Relaxing the velocity limit from 3 m/s to 15 m/s resulted
in a computational time increase of 1219 seconds.
Furthermore, the un-capped (no limit) reference sim-
ulation required the longest runtime (15796 seconds),
confirming that high-velocity flows demand smaller
time steps for stability. Consequently, applying strictly
defined velocity limits reduces the computational cost
significantly while maintaining physical accuracy.

The study emphasizes that dam-break analysis should
be performed in the planning and design of large water
structures such as dams and possible measures should
be taken accordingly. The study concluded that applying
stricter (lower) velocity limits in hydrodynamic models
significantly reduces the computational cost by preventing
the excessive time-step reductions required for high-ve-
locity stability. This study presents important practical
implications for flood risk management and emergency
response planning, particularly for structures exposed to
earthquakes such as the Sultansuyu Dam. The resulting
flood hazard maps can directly guide decision-makers in
identifying floodwater distribution areas and high-risk
areas. These results can form the basis for applications such
as selecting locations for early warning systems, planning
evacuation routes, and reorganizing agricultural activi-
ties. Furthermore, the information obtained through dif-
ferent velocity limit scenarios will provide a reference for
risk analyses conducted on similar post-earthquake dams,
guiding model optimization and computational efficiency.
In this respect, the study not only provides a scientific con-
tribution but also develops data-based recommendations
applicable to engineering applications. From a practical
perspective, the finding that 95% of the inundation zone

falls under the extreme hazard category highlights the
importance of reviewing downstream Emergency Action
Plans to ensure they encompass such worst-case scenar-
ios. The flood hazard maps generated in this study serve
as valuable reference data for local authorities to evaluate
evacuation corridors relative to high-velocity flood paths.
Furthermore, for dams in seismically active zones, this
study suggests that risk assessments could benefit from
considering instantaneous failure scenarios to enhance pre-
paredness for potential catastrophic events.
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