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ABSTRACT

The aim of this study is to analyze the effects of a possible dam failure under various scenarios and to generate a flood hazard map for two

consecutive dams located in a study area with a dense-residential region and a heavy-traffic highway. Two consecutive dams consist of Elmalı

2, a concrete-buttress dam and Elmalı 1, an earth-fill gravity dam in the upstream and downstream, respectively. Hydrologic Engineering

Center-River Analysis System (HEC-RAS) was used to develop a dam failure model. Dam failure scenarios were examined regarding three

main criteria: the Breach Formation Time (BFT), the Number of Failed Buttresses (NFB) of Elmalı 2, and the Reservoir Volume Ratio (RVR)

of Elmalı 1. Accordingly, flood peak depth (Hp), peak flow rate (Qp), peak velocity (vp), and time to reach the peak (tp) are discussed. The results

showed that BFT and NFB of Elmalı 2 were highly effective on these values, whereas RVR of Elmalı 1 had no significant effect. Moreover, the

total area affected by potential floods was calculated with a comparative areal change analysis using flood inundation and flood hazard maps

obtained. Estimated damage costs indicate that in the worst-case scenario, more than 500 buildings will be affected in the region.
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HIGHLIGHTS

• The effects of a possible dam failure on two consecutive dams are analyzed.

• The study focuses on the dam failure analysis of a concrete-buttress dam located on a high-density residential area and a heavy-traffic

highway, which is different among dam failure studies.

• Flood inundation and hazard maps for the study area are generated.

• The results obtained in this study serve as a guide for those living downstream of the Elmalı dam in the future.
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GRAPHICAL ABSTRACT

1. INTRODUCTION

Despite many benefits such as water supply, irrigation, and power generation, full or partial failure of dams due to various
reasons poses risks for people (Altinbilek 2002). Regardless of dam type and breach formation in the dam body, a catastrophic
dam failure leads to uncontrolled and massive flooding downstream, even a flood wave propagates in a short time and

destroys the settlements it encounters. Compared to other types of disasters, floods resulting from dam failures are the
most destructive events in terms of the number of casualties and value of property loss. More than one hundred dam failures
have occurred since the 1700s and thousands of people have died in addition to environmental damages worldwide (Foster

et al. 2000; Zhang et al. 2009; Petaccia et al. 2016).
Failure of a dam occurs for different reasons, like seepage, piping, overtopping, earthquake, landslide, and foundation fail-

ure or sabotage (Wu 2011; Brunner 2014). The main causes of dam failure are overtopping and piping (Bosa & Petti 2013;

Amini et al. 2017; Li et al. 2021). According to the reports (ICOLD 1998), about 38% of dam failures were caused by over-
topping related to the inadequate spillway capacity. Also, about 33% of dam failures were related to seepage or piping. Even if
the reason may vary, almost all dam failures begin with a breach formation (Xiong 2011). A breach is defined as an opening
formed in the dam body and its gradual expansion results in the destructive propagation of the large volume of water in the

reservoir to the downstream (Wahl 1998). Breach geometry (e.g., breach depth, width, and breach side slope factor), timing
(initial breach time, Breach Formation Time (BFT), etc.), failure mode, and breach progression need to be estimated precisely
in dam failure modeling (Froehlich 2008). Also, flow conditions and dam body type can affect estimating the peak hydro-

graph, which occurs after the breach progression (Brunner 2014). Consequently, there are two fundamental tasks in dam
failure analysis: prediction of reservoir outflow hydrograph and hydrograph routing for this through downstream (Wahl
1998).
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Since the collapse of a dam directly affects many people’s lives, dam failure analysis and flood area modeling studies

become critical. Therefore, researchers utilize several dam failure simulation programs in various regions of the world
(Bozkus & Bag 2011; Singh et al. 2011; Cannata & Marzocchi 2012; Qi & Altinakar 2012; Alvarez et al. 2017; Kumar
et al. 2017; Sawai et al. 2019). The most commonly used programs are DAMBRK (The Dam Break Model) (Fread 1984),

MIKE (DHI 2017), and HEC-RAS (Hydrologic Engineering Center-River Analysis System) (USACE 2016). In addition to
these, a physical-based dam breach model named DB-IWRH (Dam Break-Institute of Water Resources and Hydropower
Research) is utilized for analysis (Yu et al. 2021). HEC-RAS was used as an effective tool in many studies examining dam
failures (Butt et al. 2013; Haltas et al. 2016; Balogun & Ganiyu 2017; Joshi & Shahapure 2017; Sharma & Mujumdar

2017; Yakti et al. 2018; Albu et al. 2019, 2020; Kilania & Chahar 2019; Aribawa et al. 2021). The flood depth calculated
at the downstream of Um Al-Khair Dam by using the HEC-RAS program was compared to the observed water depth at
the known location during the dam break event (Azeez et al. 2020). In this study, the authors obtained a reasonable

amount of correlation between the observed and the calculated depths. In these studies, inundation, hazard maps, or
flood hydrographs created by dam failures were generated in different critical regions around the world, which can be danger-
ous to human life in place like villages on the downstream area of a dam. Also, there is a consensus on the powerful modeling

capability of HEC-RAS two dimensional (2D) in dam failure analysis. Accordingly, HEC-RAS 2D is preferred in the current
study for generating and analyzing flood simulations due to its greatly enhanced modeling and predicting capacity, alongside
the fact that downloading and using it is free.

The primary purpose of this study is to reveal and evaluate the flood inundation and hazard maps that may occur due to
possible dam failure scenarios in Istanbul, Türkiye. The results are evaluated for the study area, including highly-populated
residential areas, a heavy-traffic highway, downstream of consecutive dams, Elmalı 2, and Elmalı 1. Dam failure simulations
were performed with three criteria: BFT, Number of Failed Buttresses (NFB) of Elmalı 2 and Reservoir Volume Ratio (RVR)

of Elmalı 1. The simulations were performed as 88 runs under three different simulation sets based on these criteria. Simu-
lation results provide information such as the peak flood depth, flow rate, flood velocity, time to reach the peak, and flood
maps for the likely scenarios. Flood maps obtained in the simulations were compared spatially and the effects of the three

criteria on the flood were analyzed. Additionally, the present study aims at discussing the consequences of possible dam fail-
ure disasters in the study area under different criteria by examining the simulation results. Evaluating the effects of different
criteria on flood parameters is essential for the operation of dams and taking the necessary measures to minimize the harmful

effects of a dam failure. Moreover, identifying the flood-susceptible areas is of great importance in taking proper precautions
to mitigate flood hazards.

2. MATERIALS AND METHODS

2.1. Study area

The study area is located in Istanbul, Türkiye, as shown in Figure 1. Among the residential areas around the Göksu River

flowing into the Bosphorus, those located in the downstream area of the dams are at risk of flooding (Figure 1). There are
two dam bodies: the first one, Elmalı 1, was operationalized in 1907 and the second one, Elmalı 2 was constructed in
1955. Elmalı 2 is located 1.2 km upstream of the first dam. Elmalı 1 is an earth-fill gravity dam with a body height of

22 m. Elmalı 2 is a buttress dam with a body height of 49 m. The total drainage area of the two dams is 81.5 km2. The maxi-
mum water surface elevations of the dams are 32.4 m and 67.5 m for Elmalı 1 and Elmalı 2, respectively. At these water
surface elevations, the reservoir storage capacities are 1.7 and 17.0� 106 m3 for Elmalı 1 and Elmalı 2, respectively (Mahnam-

far et al. 2020). The main focus of this study is the possible destruction of the buttresses of the Elmalı 2 since Elmalı 1 has a
lower storage capacity and flood risk.

In Figure 2, the cross-sections of the dam bodies are given. The detailed geometric specifications of the dam bodies are
presented in Table 1. The downstream of Elmalı 2 is selected as the study area for the flood risk analysis because the

dams are in a critical metropolitan region of Istanbul with a high population density. The approximate population living
downstream of these two consecutive dams is 40,000. Additionally, there are many industrial, commercial, and historical
structures, as well as the TEM (Trans European Motorway) highway and Küçüksu Pavilion. Any possible failure of these

dam bodies is expected to cause severe damage to the residential area and the bridge piers of the TEM highway. Accordingly,
these two consecutive dams were the focus because Elmalı 2, a concrete-buttress dam close to a dense-residential area and a
heavy-traffic highway, makes this study different among traditional dam failure studies.
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2.2. Methodology and data

HEC-RAS software version 5.0.7 was used for the dam failure analysis of Elmalı 2 with the 2D unsteady flow for the selected
study area. HEC-RAS 2D is a powerful yet easy-to-use software for determining water depth, flow rate, inundation area, flood

velocity, and water surface profile in 2D (Joshi & Shahapure 2017). The 2D flood models can simulate water flow in both
longitudinal and lateral directions and these models represent the terrain as a continuous surface through a mesh or grid.
Therefore, this study was performed using the 2D model to generate reliable inundation mapping and flood wave analysis.

Figure 1 | Location of Elmalı 1 and Elmalı 2 with the drainage area and the stream network.
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The HEC-RAS model was comprised of three main components: geometric data, flow data, and plan data. Required data
were obtained from the General Directorate of State Hydraulic Works (DSI) and Istanbul Water and Sewerage Adminis-
tration (ISKI). The unsteady flow simulation was performed with the geometric data using the Digital Elevation Model

(DEM), which has a 1 m resolution obtained from the Republic of Türkiye-Ministry of National Defense General Directorate
of Mapping (HGM). The HEC-RAS program solves all 2D Saint-Venant equations shown in Equations (1)–(3) (Brunner 2014):

Continuity equation:
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Figure 2 | The crest and water surface elevations and general view of Elmalı 1 and Elmalı 2 consecutive dams.

Table 1 | Main properties of Elmalı 1 and Elmalı 2 dam bodies

Elmalı 1 Elmalı 2

Dam type Earth-fill gravity Concrete-buttress

Spillway type Sluice gate: 11 openings Radial gate: three openings

Height from the foundation level 22.0 m 49.0 m

Crest elevation 34.0 m 68.5 m

Maximum water surface elevation 32.4 m 67.5 m

Crest length 298.4 m 238.8 m

Crest width 3.3 m 4.6 m

Upstream side slope – 0.4

Downstream side slope – 0.6
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where h is the water depth (m), p and q are the specific flows in the x and y directions (m2s�1), respectively, ζ is the surface

elevation (m), g is the gravitational acceleration (ms�2), n is the Manning resistance, ρ is the water density (kgm�3), τxx, τyy,
and τxy are the components of the effective shear stress, and f is the Coriolis force (s�1).

2.3. Dam failure scenarios

To construct HEC-RAS 2D models, the dam was represented as a Storage Area/2D Area Connection (SA/2D AC). This
allows the user to enter pre-determined breach data for estimating breach parameters. It is challenging to predict dam failure

risk as dam breach parameters and breach failure time cannot be predicted by any commercially available mathematical
model. The development of the breach is idealized as a parametric process because it cannot be simulated in any physical
sense. Therefore, a dam failure is defined by the shape and size of the breach and the time required for its development,

which is called BFT (Wahl 2004). Petrascheck & Sydler (1984) stated that breach size and BFT have significant effects on
flood flow rate, flood depth, and time to reach the peak. Moreover, some structures, such as dam reservoir and natural or
artificial lakes affect the damages of the flood that may occur as a result of dam failure (RCEM 2015; Duchan et al. 2020).
Therefore, estimation of a dam failure flood disaster depends on these parameters. In our study, BFT, size of the breach

defined as NFB and the reservoir volume ratio of Elmalı 1 (RVR) are used to estimate floods due to dam failure. In the
dam failure scenarios, three different criteria were analyzed regarding the probability of Elmalı 2 dam failure: BFT and
NFB of Elmalı 2 and RVR of Elmalı 1. The simulations were based on the failure of the buttresses of Elmalı 2 under various

scenarios. Since the main focus was the destruction of the buttresses of the Elmalı 2, the RVR of Elmalı 1 was considered as a
criterion for failure scenarios. This study did not focus on the failure analysis of Elmalı 1 because it is operationally empty.
Failure simulations are carried out for the critical upstream dam Elmalı 2. The RVR of the downstream dam Elmalı 1 is con-

sidered as a scenario criterion only. The RVR criterion can only be observed when the overflowing water reaches Elmalı 1
after Elmalı 2 is completely filled. Therefore, all scenarios for Elmalı 1 were invariably generated for a trapezoidal breach
shape of 2:1 and a BFT of 0.25 h.

The flow chart of the modeling process is shown in Figure 3. After the model was setup using the required inputs, the simu-
lations were derived for scenarios based on three main criteria and the effect of each was investigated in the cross scenarios.
For the first criterion, in accordance with the values reported in the literature (USACE 1980), the effect of the BFT was eval-
uated by increasing from 0.1 to 0.5 h (0.1 h each run). However, the minimum and maximum values of the other two criteria

were kept constant in the combinations performed. Accordingly, limit values of 0–100% were used for the RVR of Elmalı 1;
NFB was selected between 6 and 11. It should also be noted that although there are a total of 16 buttresses in the Elmalı 2
dam body, the number of breached buttresses in the scenarios was determined as 6–11, in accordance with the values

reported in the literature (ANCOLD 2012; Pilotti et al. 2020). In the simulations, 6–11 buttresses represent the breached
parts of the dam body. Therefore, a simulation set consisting of 20 runs based on the variation of the first criterion was per-
formed. Similarly, other scenarios were also examined to analyze the variation of the second and third criteria. For the second

criterion, the NFB was increased from 6 to 11 (one buttress per run), and the other criteria were kept at their limit values
(0–100% for the RVR of Elmalı 1 and 0.1–0.5 h for the BFT). Hence, a second simulation set consisting of 24 runs based
on the variation of the second criterion was performed. Finally, the third criterion (RVR of Elmalı) was examined by increas-
ing RVR from 0 (empty) to 100% (full) (10% increase each run) and the others were kept at limit values (6–11 failed buttresses

and 0.1–0.5 h for the BFT). Therefore, a third scenario set of 44 runs was created to examine the effect of the last criterion.
Three different simulation sets were analyzed for a total of 88 runs. The scenarios are shown in the flow chart of the modeling
process in Figure 3.

Results were obtained by examining the hydraulically essential parameters for a flood disaster. Parameters indicating the
degree of severity and risk of the destructive effect resulting from dam failure were identified as the peak values of water
depth, flow rate, and velocity. Moreover, the reach time to the peak values was monitored. In simulations, variations in

these parameters were examined temporally during the analysis period. In addition, flood maps were constituted for visual
evaluations of the regions that might be affected by a possible dam failure. Hence, the areas affected by the dam failure
flood were evaluated spatially.

3. RESULTS

The model results were discussed under three criteria, the effects of the BFT and the NFB of Elmalı 2 and the RVR of Elmalı
1, which are considered to be effective in a dam failure. The simulations were performed as 88 runs under three different
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simulation sets based on these criteria. Therefore, 88 flood hydrographs, depths, and velocity curves were obtained from the
model for each scenario. The peak values of flow rate, water depth, and velocity in the curves were used to examine the effects

of three criteria. Moreover, the reach time to the peak values was monitored in the model. The model results are presented as
four different outputs: peak values of the flood depth (Hp), flow rate (Qp), velocity (vp), and time to reach the peak (tp). The
model outputs were obtained from the cross-section in the downstream area of the Elmalı 1 dam body seen in Figure 1.

Hence, the effects of three different criteria were investigated on the graphs comparatively. Also, as a spatial output of the
flood due to a possible failure, flood inundation, and hazard maps were generated for the study area. Furthermore, the
hazard caused by the dam failure flood was calculated using the flood maps generated.

3.1. Effect of the breach formation time (Criterion 1)

The failure process of Elmalı 2 was analyzed for various BFTs, which ranged between 0.1 and 0.5 h (0.1 h each time). In this
analysis, four different model outputs emerged by evaluating the limit values of the other two criteria (6–11 for NFB and

0–100% for RVR of Elmalı 1). Thus, the effect of the BFT was examined by comparing the sudden and slow failure scenarios.
As a result, Figure 4(a) points out that the peak depth values gradually decrease while the BFT increases for all other criteria.
Similarly, the peak velocity and the peak flow values also decreased as BFT increased from 0.1 to 0.5 h, as shown in
Figures 4(b) and (c), respectively.

To observe the effect of the BFT, the change in the limit values of Criterion 3 (RVR of Elmalı 1) was analyzed while the
NFB values (Criterion 2) were kept constant. Accordingly, for Criterion 1, as the RVR values for Elmalı 1 is empty (0%)
and full (100%), a decline in the peak flow of 8–14% was observed for the scenario with six failed buttresses and a decline

of 29–36% was obtained for 11 failed buttresses. Comparatively, the RVR of Elmalı 1 had less impact on the peak flood
results. In the fastest failure scenario, the difference between peak values for the RVR of Elmalı 1 was small (around 5%
in peak flow and 1–2 mn in time to peak) and the difference between peak values decreased as the BFT increased. The results

Figure 3 | The flow chart of the modeling process.

Water Science & Technology Vol 00 No 0, 7

corrected Proof

Downloaded from http://iwaponline.com/wst/article-pdf/doi/10.2166/wst.2023.052/1180826/wst2023052.pdf
by guest
on 20 March 2023



were almost similar in the slowest failure scenario, regardless Elmalı 1 was empty or full. On the other hand, the time to peak
values naturally rise with the increasing BFT (Figure 4(d)). In the slow failure scenario (for 0.5 h), a delay of 11–14 min was
observed in the time to reach the peak values compared to the sudden failure scenario (for 0.1 h).

3.2. Effect of the number of failed buttresses (Criterion 2)

The failure scenarios for Elmalı 2 were examined for different NFB values varying from 6 to 11. With this analysis, the change
in peak values was examined for different numbers of failed buttresses. The effect of the NFB was examined in 24 different
situations using the limit values of the other two criteria. In simulations, the peak depth, peak velocity, and peak flow increase
proportionally with the NFB, as shown in Figure 5(a) and (c), respectively. For both limit values of Criterion 3 (0–100%), the

rate of increase in the peak flow was approximately 33% for the 0.1 BFT scenarios and around 20% for the 0.5 BFT scenarios.
Cases, where Elmalı 1 is empty (0%) or full (100%), gave similar results under various scenarios of the NFB. In the slow fail-
ure scenario, cases where RVR of Elmalı 1 was empty or full gave almost similar results for different NFB values. This

difference was slightly higher for the sudden failure scenario, but it was still found to be minor considering the other criteria.
On the other hand, time to peak values decreased as the NFB increased (Figure 5(d)). Comparing the limit values at which 6
and 11 buttresses collapsed, the delay in the time to peak was 3 min in sudden failure and 6 min in slow failure.

3.3. Effect of the reservoir volume ratio of Elmalı 1 (Criterion 3)

In order to scrutinize the effect of various RVR for Elmalı 1, 44 different simulations were performed using the limit values of

the other two criteria. The analysis results revealed that the RVR of Elmalı 1 was an ineffective factor. As shown in
Figures 6(a)–(d), the peak values (peak depth, peak velocity, peak flow, and time to peak) were not significantly affected
by the change of this factor. The graphs formed almost horizontal lines. Thus, as a general statement for all the other

Figure 4 | Variation of (a) the peak depth; (b) the peak velocity; (c) the peak flow; and (d) the time to peak according to different BFTs.
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conditions, the water volume in Elmalı 1 does not significantly alter the flood peak values in any of the possible dam failure

scenarios.

3.4. Flood inundation maps

In this part of the study, the change of inundation area for the three criteria under various scenarios and their impacts were
analyzed on the model. For this purpose, the effect of the change in each criterion on the inundation area was determined.
Table 2 shows the effect of different values of the three criteria on the change of the inundation area. For this analysis, the

areal changes were reported by combining the limit values of the three criteria. For example, by changing the limit values of
BFT (0.1–0.5 h), the flood inundation area in the 0.1 BFT scenario is 4.8% less than in the 0.5 BFT scenario, when observed
for the scenarios with the constant values of NFB and RVR (six buttresses and 100% volume ratio). Accordingly, Criterion 2

was found to have the highest impact on the inundation area (about 6.0–14.7%). The effect of Criterion 1 on the inundation
area was also found to be similar to Criterion 2, but slightly less (about 2.8–12.7%). On the other hand, the effect of changes in
Criterion 3 was relatively small (less than 2.1%) compared to the other two criteria. As a result, finding the third criterion as
the least effective factor means that the full or empty state of Elmalı 1 reservoir does not have a significant effect on the size of

the dam failure flood.
Different combinations of the three criteria for the failure of Elmalı 2 were also investigated with flood inundation maps,

thus flood-affected areas were visually identified under various scenarios. Figures 7–9 show the flood inundation areas with

the flood depths obtained by the simulations for the minimum and maximum values of the three criteria. It was observed that
the flood depth rises up to 20 m in the Göksu River. As shown in the flood maps, the flood inundation occupies the densely
populated residential area for all cases. These results indicate that the possible failure of Elmalı 2 will affect the

Figure 5 | Variation of (a) the peak depth; (b) the peak velocity; (c) the peak flow; and (d) the time to peak according to different NFB.
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flood-susceptible residential area. Figure 7 shows the flooded area difference between the sudden (BFT¼ 0.1 h) and slow
(BFT¼ 0.5 h) failure scenarios. In Figure 7, there are four subfigures (A, B, C, and D), which correspond to the limit
values of the other two criteria (6–11 for NFB and 0–100% for RVR of Elmalı 1). The effects of BFTs on flood inundation

areas can be seen by comparing the flooded area difference in the same subfigure. It can be seen that the flooded area
obtained from the model for the 0.1 h BFT scenarios is bigger than for the 0.5 h BFT scenarios. Figure 8 shows the impacts
of NFB on flood inundation area by comparing the flooded area difference. It was obtained that the difference in the flooded

area between 6 and 11 NFB is the highest. Figure 9 shows the impacts of RVR on flood inundation areas. The difference in the
flooded area for RVR scenarios was relatively small compared to the other two criteria.

3.5. Flood hazard map

A flood hazard map was generated for the worst scenario, 0.1 h BFT, 11 NFB (Elmalı 2) and 100% RVR (Elmalı 1). This scen-
ario yielded the largest inundation area. The flood depth for this scenario varied from 0 m to approximately 20 m in the
downstream area of two consecutive dams. Flood zones were separated into five categories as ‘very low’, ‘low’, ‘medium’,

‘high’, and ‘very high’ according to the flood depth (Dinh et al. 2012). A flood depth greater than 2 m was considered a
‘very high’ hazard category. The other flood depth categories are given in Table 3. The areas for ‘very low’, ‘low’,
‘medium’, ‘high’, and ‘very high’ hazard categories were calculated as 18,000; 36,000; 40,000; 37,000; and 1,350,000 m2 cor-

responding to 1.2, 2.4, 2.7, 2.5, and 91.2% of the total inundated area, respectively. The results showed that the major part of
the study area was in the ‘very high’ hazard category and the downstream part of the consecutive dams has very high flood
risk. The hazard zones for a possible dam failure are shown in Figure 10.

Figure 6 | Variation of (a) the peak depth, (b) the peak velocity, (c) the peak flow and (d) the time to peak according to different RVR of
Elmalı 1.
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Table 2 | The effects of three criteria on the change of inundation area

Criterion 1 BFT of Elmalı 2 NFB of Elmalı 2 RVR of Elmalı 1 Areal Change (%)

0.1 6 100 �4.8
0.5 6 100
0.1 11 100 �12.7
0.5 11 100
0.1 6 0 �2.8
0.5 6 0
0.1 11 0 �11.3
0.5 11 0

Criterion 2 NFB of Elmalı 2 BFT of Elmalı 2 RVR of Elmalı 1 Areal Change (%)

6 0.1 100 14.7
11 0.1 100
6 0.1 0 14.4
11 0.1 0
6 0.5 100 6.0
11 0.5 100
6 0.5 0 6.3
11 0.5 0

Criterion 3 RVR of Elmalı 1 BFT of Elmalı 2 NFB of Elmalı 2 Areal Change (%)

0 0.1 6 1.9
100 0.1 6
0 0.5 6 0.4
100 0.5 6
0 0.1 11 2.1
100 0.1 11
0 0.5 11 0.1
100 0.5 11

Figure 7 | Flood inundation maps by Criterion 1 showing the effect of BFT.
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Figure 8 | Flood inundation maps by Criterion 2 showing the effect of NFB.

Figure 9 | Flood inundation maps by Criterion 3 showing the effect of RVR.
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The estimated damage costs were calculated by using the number of buildings affected by the flood, floor areas of buildings,
and damage factor with respect to flood depth in our study. For this purpose, first of all, the damage factor for our study area

was determined by using the flood depth obtained from the flood inundation map for the worst-case scenario and the water
depth–damage factor curves obtained from the literature (Kok 2001; Penning-Rowsell 2001; Vrisou van Eck & Kok 2001;
Van der Sande et al. 2003). The damage factor obtained by using the flood depth and water depth–damage factor curve is

given in Table 4. Then, the number and floor areas of buildings affected by the flood were determined as seen in Figure 11.
The floor area for a building is the sum of the ground floor area. Finally, the approximate damage costs were calculated by
multiplying the floor areas of the buildings by the damage factor, the depreciation rate of buildings, and the construction cost

Table 3 | Hazard zones for the worst dam failure scenario

Flood depth (m) (Hazard zone) Hazard zone area (m2)
Percentage of hazard zone in the
total inundated area (%)

0–0.2 (Very low) 18,000 1.2

0.2–0.5 (Low) 36,000 2.4

0.5–1.0 (Medium) 40,000 2.7

1.0–2.0 (High) 37,000 2.5

. 2.0 (Very high) 1,350,000 91.2

Figure 10 | Hazard zones for a dam failure.
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per unit area, which is reported by the Republic of Türkiye-Ministry of Environment, Urbanization, and Climate Change
(URL-1). The calculated total construction costs in Turkish liras (₺) were converted to U.S. dollars ($) at the exchange rate
of the Turkish Central Bank as shown in Table 4.

Table 4 | Damage costs, number of buildings affected by the flood, floor areas of buildings, and damage factor with respect to flood depth

Flood depth (m) Damage factor
Floor areas of buildings
affected by flood (m2)

Number of buildings
affected by the flood Damage costs (₺)

0.5 0.15 2,453 18 377,235

1.0 0.18 5,409 24 734,970

1.5 0.20 4,898 19 1,064,948

2.0 0.21 13,542 63 2,301,310

3.0 0.48 19,021 61 8,958,195

4.0 0.70 7,203 23 7,633,584

�5.0 1.00 179,554 384 260,953,800

Total cost in Turkish liras (₺)a: 282,024,342

Total cost in U.S. dollars ($): 24,716,212

aProperty damage values in Turkish liras (₺) were converted to U.S. dollars ($) at the exchange rates on the calculation date (source: Turkish Central Bank, https://www.tcmb.gov.tr/;

Access date: 27 December 2021).

Figure 11 | The buildings affected by the flood in the hazard zones.
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4. DISCUSSION

The potential failure of two consecutive dams, which consist of two different types of dam bodies, was analyzed in this study.
Elmalı 2 concrete-buttress dam, located upstream of the consecutive dams, is important because of the structure type of its
dam body and the dense-residential area located downstream. Analyzing the potential failure of a buttress dam as part of two

consecutive dams causing flood risk for the high-density residential area is presented as a novel approach. Moreover, three
different criteria (BFT and NFB of Elmalı 2 and RVR of Elmalı 1) were examined by simulating various scenarios to deter-
mine the impact of the dam failure on the flood-susceptible residential area.

This study reports that all dam failure simulation results affect the heavy-traffic highway and dense-residential area. Such
overpopulated regions in Istanbul are of vital importance considering the harmful consequences of a possible flood disaster.
In these regions, the findings obtained were evaluated in terms of the hydraulically significant peak values (peak depth, peak

velocity, peak flow, and time to peak). In terms of the BFT (Criterion 1), the most dangerous scenario was determined as the
sudden failure of 11 buttresses in 0.1 h. However, the scenario in which six buttresses fail for a relatively long time (0.5 h) was
found to be less dangerous according to the peak values calculated. Therefore, the sudden failure scenario (0.1 h) with 11

failed buttresses is identified as the most dangerous in the analysis generated for Criterion 2. The slow failure scenario
(0.5 h) with six failed buttresses was found to be less dangerous. Besides, for the cases in which Elmalı 1 was empty or
full (Criterion 3), the variation in the peak values was smaller compared to the variation due to the selected factors of
Elmalı 2.

For the study area, we determined that the flood depth, flow rate, and velocity can reach 15 m, 18,141 m3/s, and 13.5 m/s,
respectively, in the cross-section at the downstream area of the Elmalı 1 dam body. In addition, the results showed that the
flood can reach peak flow in 13 min in the same cross-section. Moreover, the flood can reach peak flow in 22 min in the cross-

section where it reaches the sea. Based on these findings, it is obvious that some precautions are required in these regions
against floods due to the possible failure of Elmalı 2.

In addition, flood inundation maps for various failure scenarios of Elmalı 2 are presented. The minimum and maximum

values of the three criteria were examined in the simulations with 88 runs. The differences in flood inundation areas
showed the effect of the three criteria on the inundation area. According to the model results, the RVR of Elmalı 1 (Criterion
3) had no significant impacts on the inundation area. The impact of other criteria on the inundation area reached up to 14.7%.

The flood inundation maps indicated that vulnerable areas with high population density can be significantly affected by poss-
ible flooding. Moreover, a flood hazard map was generated for the worst scenario. The area and the number of buildings
affected by the possible failure were identified and the approximate cost of property damages in the study area was calculated.
Therefore, it is of great importance to identify the areas prone to dam failure floods, to create flood inundation and hazard

maps, to analyze the flood depth and velocity in the flood areas, and to determine the time to reach peak flood values. This
study is believed to be helpful for the related institutions to take proper precautions, such as the installation of early warning
systems, as well as the preparation of emergency and evacuation plans for people in flood-susceptible areas.

5. CONCLUSION

In this study, a dam failure analysis was performed by using HEC-RAS and various scenarios were examined. For this pur-

pose, consecutive dams named Elmalı 1 and Elmalı 2 located upstream of the residential areas and close to a heavy-traffic
highway in Istanbul, Turkey, were selected. Elmalı 2, a concrete-buttress dam located upstream of two consecutive dams,
poses a flood risk for those areas. Evaluating the simulations of Elmalı 2 dam failure under different criteria such as BFT

and NFB (Elmalı 2) and RVR (Elmalı 1) revealed that the study area can be seriously affected by a possible dam failure.
This conclusion was reached from the peak values of hydraulically important parameters and a visual inspection of the inun-
dation areas. Moreover, it is observed that the HEC-RAS model is useful for modeling consecutive dam systems.

The first criterion, BFT (varied between 0.1 and 0.5 h) and the second criterion NFB (varied between 6 and 11 failed but-

tresses) were found to be the effective criteria in flood parameters. The RVR of Elmalı 1 was determined as the less effective
criterion. The water volume in Elmalı 1 did not significantly affect the flood wave caused by the possible failure of Elmalı
2. Therefore, it was determined that the operating volume of Elmalı 1 had no significant effect in preventing the adverse

effects of a possible dam failure. This may be a result of the reservoir volume capacity of the downstream dam Elmalı 1
(1.7� 106 m3) being 10 times lower than the upstream dam Elmalı 2 (17� 106 m3). Elmalı 1 is operationally empty. This
result shows that whether Elmalı 1 is empty or full, it is not effective in reducing the effects of flooding that may occur as
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a result of any possible failure scenario. In other words, it can be argued that keeping Elmalı 1 empty may not prevent the

negative consequences of the possible failure of the Elmalı 2.
The dam failure model developed is expected to provide information for flood-prone areas. The time to peak value is a cru-

cial parameter in determining precautionary measures such as early warning systems to reduce the negative effects of a flood

on residential areas. The highway is the first area to be affected by flooding and the earliest flood peak occurrence times were
calculated at 13–34 min according to the dam failure scenarios examined. Determining the earliest flood peak occurrence
time for a possible flood is important because this time is critical to take emergency flood response actions and to prevent
life and property losses. Moreover, the flood inundation and hazard maps obtained in this study can be used to plan safe resi-

dential areas and identify buildings that need to be relocated to safe areas.
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