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This study investigates the hydrodynamic consequences of
cascading dam failures within a transboundary reservoir network
involving the Azad, Daryan, and Hirwa dams in western Iran, and
their downstream impact on the Darbandikhan Dam in
northeastern Iraq. Using HEC-RAS 6.6 2D modeling, four
breach scenarios were developed, with two key cases sequential
overtopping and mixed-mode failure analyzed in detail.
Simulations revealed that Scenario 1, involving full-capacity
overtopping, poses the highest risk, with flood waves
propagating rapidly through narrow valleys and causing peak
water surface elevations of 512.0 m at the Iran—Iraq border and
491.55 m near Darbandikhan Dam, overtopping the spillway
gates set at 485.0 m. Over 1,000 houses between Azad, Daryan
and Hirwa dams are projected to be submerged, and Hirwa
Village is completely inundated under flood depths exceeding 22
meters. Downstream in Iraq, at least 12 villages inundated under
flood depths exceeding 2.5m and more than 70 km? of
agricultural land are affected, including major infrastructure such
as the Halabja highway, submerged under over 2m of floodwater.
Flow velocities ranging from (10 to 25 m/s) exceed sediment
entrainment thresholds, indicating substantial erosion, sediment
transport, and long-term morphological impacts on reservoir
banks and channels. The findings underscore the urgent need for
structural improvements, dynamic reservoir operation protocols,
real-time monitoring, and cross-border emergency coordination.
The study also highlights the importance of incorporating
geomorphic and climatic factors into future dam safety strategies.

1 Introduction

Dams serve a broad range of purposes, including flood
control, potable water supply, agricultural irrigation,
industrial support, and hydroelectric power generation
[1]. However, without rigorous site-specific design,
geotechnical evaluation, and hydrological assessment,
the risks posed by dam infrastructure can become
catastrophic. Dam failures, although relatively rare,
release enormous volumes of water at high velocities,
which can result in extensive damage to downstream
environments, infrastructure, and human settlements.
Given the potentially devastating consequences of dam
breaches particularly in populated regions, assessing
dam failure mechanisms and modeling associated flood
risks are of paramount importance. These evaluations

typically include breach formation dynamics, routing of
flood hydrographs, and delineation of inundation zones.
Despite their critical importance, comprehensive studies
on cascade dam failure scenarios  remain
underrepresented in global literature. Flood waves
generated by structural collapse can travel rapidly
downstream, posing immediate threats to both life and
property. Between 2000 and 2019, more than 450 major
dam failures were recorded worldwide, resulting in
substantial loss of life and economic damage [2]. Dam
failures arise from multiple causes, including
overtopping, piping, foundation instability, landslides,
seismic shocks, and in rare cases, sabotage [3,4]. Among
these, overtopping and internal erosion (piping) are the
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leading failure modes [1,5,6]. Historical records show
that overtopping accounts for approximately 38% of
global dam failures, typically due to undersized
spillways, while another 33% are attributed to seepage-
induced piping [7]. The severe consequences of such
events have necessitated the development of robust
analytical frameworks and simulation models to predict
flood impacts, inform emergency planning, and mitigate
downstream hazards [8-11].Numerous computational
tools have been developed to simulate dam breach
dynamics and downstream inundation. Prominent
models include DAMBRK [12]. MIKE, and the HEC-
RAS platform developed by the U.S. Army Corps of
Engineers [13]. The DB-IWRH model, a physically
based dam breach simulation framework developed by
the Chinese Institute of Water Resources and
Hydropower Research, is another widely applied tool in
this domain [14]. Among these, HEC-RAS has become
the most extensively used due to its two-dimensional
capabilities, integration with GIS, and ease of coupling
with terrain and hydrologic data. Numerous studies have
successfully employed HEC-RAS to simulate dam
failures and analyze their consequences [15-21]. The
Iran—Iraq border, encompassing the Diyala River basin,
is a seismically active zone that includes several major
dams such as Azad, Daryan (Iran) and Darbandikhan
(Iraq). The Mw 7.3 earthquake that struck the region on
November 12, 2017, caused observable structural
damage to the Darbandikhan Dam, underscoring its
seismic vulnerability and the cascading risk posed by
failures at upstream structures [22].In response, dam
authorities have adopted a more conservative
operational approach, maintaining the Darbandikhan
reservoir below its rule curve to accommodate potential
inflow surges from upstream breaches. In this context,
the present study investigates the transboundary
hydrodynamic consequences of potential sequential
failures of the Azad, Daryan, and Hirwa dams on the
stability and operational integrity of the downstream
Darbandikhan Dam. Using HEC-RAS version 6.6, a
two-dimensional modeling approach is employed to
simulate the flood wave propagation, peak discharge
dynamics, and inundation patterns across multiple
breach scenarios. The study has two primary objectives:
(1) to assess the structural and hydrodynamic response
of the Darbandikhan Dam under compound flood wave
loads; and (2) to identify vulnerability thresholds that
can inform adaptive reservoir management strategies
and enhance regional Emergency Action Plans (EAPs).
2 Materials and Methods

2.1 Study Area

As shown in Fig. (1) is conducted within the
transboundary Diyala River basin, which spans portions
of western Iran and northeastern Iraq and hosts a
complex system of interconnected reservoirs and dams.
Four major hydraulic structures Azad, Daryan, Hirwa,
and Darbandikhan are the focal points of this research

due to their critical roles in regional water supply,
hydropower generation, and flood regulation.
Darbandikhan Dam Fig. (2), located approximately 65
km southeast of Sulaimani City and 230 km northeast of
Baghdad, represents a key multipurpose infrastructure in
Iraq. It is a rockfill embankment dam with a structural
height of 128 m, a crest length of 445 m, and a full
reservoir level at 485 m elevation. Designed for
hydroelectric power production, irrigation, and flood
control, the dam operates with three Francis turbines and
possesses a storage capacity of 2.55 billion cubic meters.
Due to its location upstream of populated centers such
as Kalar and Diyala, and its substantial storage volume,
Darbandikhan is classified as a high-risk asset in the
event of upstream hydraulic failure. Upstream in Iran,
the Azad Dam shown in (Figure 3) is situated on the
Gura River approximately 40 km west of Sanandaj in
Kurdistan Province. This embankment dam, located at
coordinates (35°20'08.6"N and 46°32'58.5"E), stores up
to 300 million cubic meters of water and supports
agricultural, industrial, and municipal demands in the
Qorveh—Dehgolan Plains while also generating 10 MW
of hydropower [23]. Further downstream, the Daryan
Dam shown in (Figure 4), constructed on the Sirwan
River in Paveh County, Kermanshah Province, lies
about 56 km upstream of Darbandikhan. Operational
since 2015, this rockfill dam stands 169 m high and
impounds a reservoir with a capacity of 316.3 million
cubic meters [24].

Adjacent to Daryan is the Hirwa Dam as shown in
(Figure 5), a concrete diversion structure located roughly
8 km downstream, built in 2018 in Hirwa Village.
Although relatively small with a height of 45 meters and
a storage volume of 12 million cubic meters Hirwa plays
an essential role in regulating flows before their
diversion through the Nowsud Tunnel system [25].

2.2 Problem Statement

The Diyala River basin as shown in (Figure 0),
straddling the border between Iran and Iraq, is
characterized by both seismic activity and hydrological
complexity. Within this setting, the Darbandikhan Dam
is currently operated below its standard rule curve as a
precautionary measure. This conservative management
strategy provides additional flood buffering capacity to
account for unanticipated inflow surges that may arise
from upstream dam failures, particularly under the
compounded stress of seismic events and evolving
climate patterns. This study employs HEC-RAS 2D
hydraulic modeling to simulate hypothetical breach
scenarios at Azad, Daryan and Hirwa Dams and to
evaluate their downstream impact on the operational
stability of Darbandikhan Dam. As a key multipurpose
asset in the region, Darbandikhan Dam plays a vital role
in electricity generation, irrigation, flood control, and
water supply. However, the structure faces growing
vulnerability due to two converging challenges:
diminished inflow volumes caused by upstream
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reservoir developments in Iran [26], and the intensifying
risk of flood wave propagation resulting from upstream
dam failure. A failure initiated at Azad Dam, for
instance, would likely generate a high-energy flood
wave traversing the Gura and Sirwan Rivers. Given the
scale and force of such a release, the downstream Daryan
Dam may not withstand the surge, triggering a
successive breach. This chain reaction would
substantially amplify flood magnitude and momentum
as it progresses toward Darbandikhan, elevating the risk
of overtopping, rapid water level fluctuations, and
structural loading.The severity of downstream impacts
is governed by critical breach parameters such as time to
failure, breach geometry, and peak discharge. Despite
the evident threat posed by such cascading failures, there
remains a significant gap in the literature concerning the
cumulative hydrodynamic consequences on downstream
infrastructures like Darbandikhan Dam. Addressing this
research void, the present modeling effort offers new
insights into the systemic vulnerabilities associated with
compound dam failures in transboundary river systems.
2.3 HEC-RAS

This research utilizes the Hydrologic Engineering
Center’s River Analysis System (HEC-RAS) for
hydrodynamic modeling, specifically versions 6.6 and
6.7 Beta, obtained from the official U.S. Army Corps of
Engineers website (www.hec.usace.army.mil). HEC-
RAS is an extensive, open-access software created by
USACE that facilitates one-dimensional (1D) and two-
dimensional (2D) hydraulic simulations for various
applications, including steady and unsteady flow
calculations, dam breach modeling, sediment transport,
water quality evaluation, and the hydraulic analysis of
structures like spillways and weirs [27- 29]. The user
interface is crafted to be intuitive, facilitating efficient
engagement with topography data, breach parameters,
and flood simulation scenarios [30, 31]. This research
models dam breach scenarios in the 2D domain of HEC-
RAS, estimating breach parameters such as failure
duration and average breach breadth using empirical
formulations,  including  Froehlich’s  equations
Specifically, the average breach width (Bavg) and breach
formation time (Tr) were estimated using the following
regression relations proposed by Froehlich (2008)

Bavg =0.27 Ko Vw0‘32 Hb0‘04 e (1)
Viw

Tr= oz e )

where:

Bavg = average breach width (m)

Ko = coefficient (1.3 for overtopping, 1.0 for piping)

V= reservoir volume at time of failure (m?®)

hy = height of the final breach (m)

g = gravitational acceleration (9.80665 m/s?)

Tt = breach formation time (s).

Froehlich’s regression equations are widely regarded as
standard practice in dam breach modeling, and their
reliability depends on accurate parameterization and
application within valid conditions. The underlying
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dataset used to develop these regressions was based on
dam failures with heights ranging from (3.05 to 92.96
m), with the majority of cases (< 30 m) being small to
medium earthfill dams [32, 33]. These configurations
provide comprehensive evaluations of downstream
flood propagation, water surface elevations, peak
discharge, and time-to-peak values, which are essential
for assessing the potential consequences of dam failure
incidents [34, 35].

2.4 Terrain data

For hydraulic modeling and flood analysis, a 30-meter
resolution Digital Elevation Model (DEM) was obtained
from the Shuttle Radar Topography Mission (SRTM)
dataset through the USGS Earth Explorer portal
(https://earthexplorer.usgs.gov), which  provides
globally accessible topographic data [36, 37]. SRTM
DEM provides globally consistent coverage, relatively
higher vertical accuracy (~10-16 m RMSE), and
extensive validation in hydrological and dam-break
studies, making it the most appropriate choice for dam-
break studies. The DEM data, aligned with WGS 1984
UTM Zone 38N, was truncated to encompass the
geographic range between latitudes (34°N and 35°N)
and longitudes (45°E and 46°E), thereby guaranteeing
comprehensive coverage of the research area and
surrounding catchments. The DEM was processed in
ArcMap and transformed into a Triangulated Irregular
Network (TIN) format to enable the delineation of river
networks, floodplains, and cross sections utilizing HEC-
GeoRAS tools, in accordance with methodologies
employed in comparable studies [ 38]. The SRTM data
utilized predates the building of the Azad Dam, enabling
the implementation of a comprehensive dynamic wave
routing technique instead of depending on simplified
storage area estimations. This methodology enhances
the precision of hydrodynamic modeling by facilitating
a detailed depiction of flood wave propagation over
natural terrain [13]. The topography data facilitate the
extraction of essential geometric elements, including
channel centerlines, bank alignments, and elevation
profiles, required for constructing model geometry in
HEC-RAS [30].

2.5 Breach prediction models

A significant issue in dam failure modeling is the
calculation of breach characteristics, which are
fundamentally unpredictable. The breach location, size,
and development time are regarded as the most
unexpected elements [39]. To mitigate this uncertainty,
numerous empirical and regression-based equations
have been suggested in the literature. Models created by
[33, 40 - 44], and Xu and Zhang 2009, have gained
extensive acceptance owing to their relevance to various
dam types and collapse situations [45]. These models
generally associate breach parameters with accessible
inputs, such as dam height, reservoir capacity, and
failure method. For instance, whereas several
methodologies concentrate just on beginning water
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levels and failure volume, Xu and Zhang 's
methodology integrates supplementary variables such as
reservoir morphology, dam material erodibility, and
structural classification, hence providing improved
flexibility and accuracy [44]. Notwithstanding their
prevalent application, it is crucial to acknowledge that
over 75% of the data supporting these empirical models
derives from dams under 15 meters in height, thus
constraining forecast accuracy for taller structures [33].
Froehlich’s regression equations are commonly
incorporated into dam break modeling platforms like
HEC-RAS, especially for calculating average breach
and formation time. The Froehlich’s model incorporates
both the start and advancement phases of erosion,
yielding more conservative estimates of breach
development time than alternative formulations [43, 46].
The choice of breach prediction models must correspond
to the physical environment and scale of the dam being
evaluated.

2.6 Dam Failure Scenarios

Four breach scenarios were designed to evaluate the
transboundary flood risk posed by upstream dam failures
on Darbandikhan Dam. The simulations incorporate two
failure mechanisms piping and overtopping initiated at
Azad Dam and leading to successive failures of Daryan
and Hirwa Dams. Storage volumes were assigned as
shown in Table 2. The four scenarios represent
combinations  of  breach = mechanisms  and
Darbandikhan's storage level: full supply level (FSL)
and semi-full level.

S1: Azad Dam failure by overtopping — cascading
overtopping failures downstream; Darbandikhan at FSL.

S2: Azad Dam failure by piping — cascading overtopping
failures downstream; Darbandikhan at FSL.

S3: Azad Dam failure by overtopping — cascading
overtopping failures downstream; Darbandikhan semi-full.
S4: Azad Dam failure by piping — cascading overtopping
failures downstream; Darbandikhan semi-full.

This framework enables quantification of downstream
impact sensitivity to initial hydraulic conditions.

3 Results and Discussion

3.1 Scenarios Description

To evaluate the potential for cascading hydraulic failures
within the (Azad—Daryan—Hirwa) dams’ system and its
downstream implications for Darbandikhan Dam, four
initial breach scenarios were formulated. These
scenarios incorporate two key failure initiation modes
overtopping and piping (internal erosion) across two
reservoir conditions at Darbandikhan: full supply level
(FSL) and partially filled (semi-full). Among these, two
representative cases were prioritized for detailed
simulation and analysis, selected on the basis of their
severity, operational realism, and capacity to generate
significant flood wave propagation and structural risk
downstream.

Scenario 1: Full-Capacity Sequential Overtopping
This case simulates a progressive failure initiated by
overtopping at Azad Dam, followed sequentially by

overtopping-induced breaches at Daryan and Hirwa
Dams. During this sequence, Darbandikhan Dam is
assumed to be at its full storage level of 2.55 billion
cubic meters, with a corresponding water surface
elevation of 485 m. The scenario is intended to represent
a high-intensity cascading flood under peak hydrologic
loading conditions, allowing for the assessment of rapid
wave arrival, maximum discharge volumes, and the
limits of flood attenuation within the Darbandikhan
reservoir.
Scenario 2: Mixed-Mode Breach with Full Reservoir
Load
In this configuration, the failure process is initiated by a
piping breach at Azad Dam, resulting in downstream
overtopping failures at both Daryan and Hirwa Dams.
Similar to Scenario 1, Darbandikhan is maintained at full
capacity (2.55 billion m*, WSE = 485 m) to examine the
response of the downstream system under compounded
structural and hydrodynamic stress. This scenario
enables investigation of the influence of breach
mechanism type on flood hydrograph evolution, time to
peak, and resultant pressures on downstream reservoir
operations. These scenarios are designed to reflect
plausible high-risk conditions within a seismically and
hydrologically sensitive transboundary basin, offering
insight into potential failure sequences and their broader
implications for dam safety management and emergency
preparedness.
3.2 Water Surface Elevation Comparison at
Critical Locations
Table 3 presents the peak water surface elevations
(WSEs) recorded at two hydraulically significant
locations: the entry point of breach flows at the Irag—Iran
border, marking the upstream boundary of the
Darbandikhan reservoir, and the immediate vicinity
upstream of the dam structure itself. These
measurements allow for a comparative evaluation of
flood attenuation as water propagates through the
reservoir. The WSE values at the transboundary entry
reflect the intensity of the incoming flood wave, whereas
those near the dam indicate the degree to which the
reservoir absorbs and moderates that energy. The
difference between these two readings provides insight
into the reservoir's buffering performance under various
failure scenarios. This analysis supports the optimization
of reservoir operating levels and informs real-time
emergency protocols, particularly regarding controlled
drawdown strategies and gate operations during extreme
inflow events.
3.3 Water Surface Elevation Rise and Flood
Arrival Dynamics
An initial comparison of breach hydrographs generated
for piping and overtopping failure modes at Azad Dam
revealed only minor differences in key hydraulic
parameters, including peak discharge, flood wave travel
time, and total outflow volume. Given the relatively
modest divergence between the two failure mechanisms,
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subsequent hydraulic and geotechnical analyses focus
primarily on overtopping-induced scenarios. In
particular, Scenario 1 and Scenario 2 are prioritized, as
they represent the most critical configurations in terms
of downstream flood impact, rapid wave propagation,
and potential structural instability at Darbandikhan
Dam. In Scenario 1, a cascade overtopping failure
commences at Azad Dam, with all upstream dams
(Azad, Daryan, and Hirwa) at maximum storage
capacity, and the Darbandikhan Reservoir is also
presumed to be at full capacity (starting WSE = 485.0
m). After the overtopping breach of Azad Dam, the
flood wave swiftly advances downstream, reaching
Daryan Dam in roughly 103 minutes. Subsequently, the
Daryan Dam fails due to overtopping 25 minutes later,
specifically 128 minutes after the Azad failure. The
combined flood wave then advances toward Hirwa Dam.
Inundation of the upstream Hirwa valley begins around
143 minutes post-failure, with full submergence
occurring by 168 minutes. The flood wave continues its
path  downstream, reaching the Iraq border
approximately 194 minutes after the initial breach of
Azad Dam. At this location, the water surface elevation
rises sharply from 485.0 m to approximately 512.0 m.
By 207 minutes, the flood wave reaches the main body
of Darbandikhan Dam, where water levels begin to rise
and eventually reach 491.55 m at 345 minutes post-
failure. Due to the rapid and substantial increase in
reservoir level, water begins to overflow the spillway
gates of Darbandikhan Dam set at a crest elevation of
485.0 m causing significant outflow and flooding in
downstream areas. Simultaneously, the bottom outlet is
operated at full capacity to discharge the maximum
possible flow in an effort to reduce reservoir levels and
preserve the structural safety of the dam. These
emergency releases, while essential for dam integrity,
contribute to heightened downstream flood risk and
demand urgent risk management interventions.

3.4 Impact on Downstream Areas of Azad and

Daryan, Hiwa Dams, in Iran

The cascading overtopping scenario results in severe
flooding, particularly in the valleys located between
Azad and Hirwa dams. The initial failure of Azad dam
due to overtopping generates a high-velocity flood wave
that rapidly propagates through the narrow river valleys,
overwhelming the storage capacity of Daryan dam and
causing its subsequent failure. The combined discharge
from both dams substantially elevates upstream water
surface levels and increases flow velocities throughout
the interconnected streams. Hydraulic modeling
indicates that over 16 villages situated between Azad
and Hirwa reservoirs are critically affected by the flood
wave. In particular, the stretch between Azad dam and
Hirwa dam contains a concentration of rural settlements
where over 1,000 houses are expected to be submerged
or severely damaged by the cascading flood wave.
Notably, Hirwa Village, located just upstream of Hirwa
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Dam (Figure 7), is projected to be completely
submerged, with approximately 40 houses and an
estimated 125 residents inundated under flood depths
exceeding 22 meters. As shown in (Figure 8),
widespread inundation also impacts the surrounding
agricultural lands, which serve as the primary source of
livelihood for the affected communities. Due to the steep
topography and narrow shape of the river valleys, the
velocity of floodwaters following Additionally, the
floodwaters submerge key regional roads that connect
upstream villages, effectively severing transport and
communication links. This loss of connectivity poses
major challenges to emergency response, aid delivery,
and long-term recovery, further compounding the social
and economic vulnerability of the impacted population.
Location of dams and villages are shown in (Figure 9).
3.5 Impact on Downstream Areas, in Iraq

Beyond the Hirwa Dam, the cascading flood wave
progresses into northeastern Iraq, generating severe
transboundary hydrodynamic impacts. Model
simulations reveal that at least 12 Iraqi villages lie
within the projected inundation zone. These
include Soila Mesh, Kalwran, Berashka, Dolash,
Qajir, Grdi Sharif, Qoitas, Tapakal, Suwary, Hayas,
Kani Shekh, and Kawchktash. Many of these
settlements are predominantly agriculture-based
communities, rendering them highly vulnerable to
flood-induced socioeconomic disruption,
infrastructure ~ destruction, and  population
displacement. In addition to the direct impact on
rural settlements, over 70 km? of agricultural land
primarily located upstream of Darbandikhan Dam
near Halabja city and the Said Sadiq and Sirwan
regions is expected to be submerged. This
widespread inundation poses a serious threat to
food security and rural livelihoods in the affected
areas. Furthermore, the recently constructed
highway connecting Halabja city to the adjacent

districts is forecasted to be overtopped by
floodwater see (Figure 10), exacerbating
transportation  difficulties and  obstructing

emergency response and recovery operations
during and after the flood event. The spatial extent
and inundation depth affecting these downstream
communities are illustrated in (Figure 11), and
(Figure 12), reflecting the full magnitude of the
cascading failure event's impact.

3.6 Sediment Transport and morphodynamical

Impact

The extraordinarily high flood wvelocities recorded
during the simulation ranged from (10 m/s - 25 m/s)
indicate severe sediment transport potential. As
represented by the Hjulstrom diagram (Figure 13), these
velocities are sufficient to erode and mobilize all classes
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of sediment particles, including coarse gravels and
boulders. Such high-energy flows are likely to cause
extensive riverbed scouring, embankment erosion, and
widespread morphological changes in both upstream
valleys and the Darbandikhan reservoir inlet zone see
(Figure 14), and (Figure 15). Furthermore, the intense
hydraulic force associated with these velocities has the
capacity to uproot trees, destroy agricultural farms, and
strip topsoil, thereby devastating local food production
systems and degrading arable land. This aligns with
sediment transport theory, which holds that critical
erosion velocities for even the coarsest particles are
exceeded under such extreme hydraulic conditions [47].
These geomorphic responses can significantly impair
water quality, reduce reservoir storage capacity, and
destabilize aquatic habitats in the medium to long term.
4 Discussion

Cascading Failure Dynamics and Wave
Propagation

The simulation results highlight the critical implications
of cascading dam failures within the (Azad-Daryan—
Hirwa—Darbandikhan) system. Scenario 1 (sequential
overtopping) and Scenario 2 (Pipping failure) both result
in rapid flood wave generation and downstream
propagation; however, Scenario 1 represents the most
severe condition, with all upstream dams overtopped
under full storage conditions and Darbandikhan Dam at
maximum capacity (WSE = 485.0 m). The breach of
Azad Dam triggers a wave that reaches Daryan Dam in
103 minutes, initiating its failure by overtopping 25
minutes later. The subsequent failure of Hirwa Dam
occurs as the flood arrives within 143 minutes, with full
submergence of huge areas by 168 minutes. The rapid
arrival time and cumulative discharge from all three
failed reservoirs demonstrate a highly aggressive
wavefront that challenges the hydraulic buffering
capacity of Darbandikhan Reservoir.

Reservoir Response and Water Surface Elevation
Trends.

Water surface elevation (WSE) data extracted at the
Iran—Iraq border and near Darbandikhan Dam body offer
valuable insights into the attenuation behavior of the
Darbandikhan Reservoir. Under Scenario 1, WSE at the
border peak at 512.0 m an increase of 27 meters above
the initial reservoir level before gradually reducing to
491.55 m near the dam structure due to partial
attenuation. In Scenario 2, slightly lower elevations
(510.31 m at the border, 490.08 m near the dam) were
observed, confirming that piping-induced breaches
generate marginally less severe hydraulic loads.
Nonetheless, both scenarios exceed the spillway gates
elevation, confirming that overflow is inevitable and
safety interventions are urgently required.

Emergency Discharge and Structural Risk at
Darbandikhan Dam

Once the flood wave reaches Darbandikhan Dam (207
minutes post-initial breach), water begins to overflow

the gated spillways, which are set at 485.0 m elevation.
By 345 minutes, the WSE has risen to
491.55 m, surpassing both the Full Supply Level and
operational thresholds, floodwater will also overflow the
gates without control. To mitigate structural risk, the
bottom outlet is activated to discharge flow at maximum
capacity. While this action is vital for preserving dam
integrity, it significantly contributes to downstream
flooding. Thus, the dam transitions from a passive buffer
to an active contributor to downstream hazard,
underscoring the importance of synchronized gate
operation and emergency planning.

Impacts on Upstream Iranian Communities

The valleys between Azad, Daryan, and Hirwa dams
bear the brunt of the flood impact, especially under
Scenario 1. The narrow, steep-sided topography
amplifies flow velocity ranging from (10 m/s to 25 m/s)
leading to extreme erosion and sediment transport.
Hirwa Village, located upstream of Hirwa Dam, is fully
submerged, with 40 residential structures and an
estimated 125 residents affected. Adjacent agricultural
lands are also inundated. The velocity range surpasses
critical thresholds for sediment entrainment, including
boulders and coarse gravel, leading to riverbed
degradation and irreversible morphological changes.
These geomorphological impacts threaten farmland
productivity, which is the economic backbone of many
affected settlements. In addition, the destruction of rural
infrastructure, including inter-village roads and bridges,
further isolate these communities and impairs disaster
response logistics. The cascading nature of the failure,
compounded by limited lead time, suggests that many
upstream villages would have little to no warning before
being inundated.

Transboundary Impacts in Northeastern Iraq

Once beyond Hirwa Dam, the flood wave crosses into
Iraq, producing extensive downstream inundation. The
flood affects at least 12 villages such as Soila Mesh,
Kalwran, Berashka, Dolash, Qajir, and others mostly
agricultural in nature. Over 70 km? of farmland near
Halabja, Said Sadiq, and Sirwan is submerged,
threatening food security and income for thousands of
residents. Infrastructure is also heavily impacted the
submergence of Halabja’s newly constructed highway,
with water depths exceeding 2 meters. This isolation
compounds post-flood recovery efforts and delays aid
delivery. The severity of these impacts confirms that
cascading dam failures not only present national hazards
but also transboundary threats, necessitating joint
disaster management strategies between Iran and Iraq.
Sediment Transport and Morphological
Consequences

The hydraulic velocities observed in both upstream
valleys and near the reservoir inlet of Darbandikhan are
high enough to mobilize a broad spectrum of sediment
sizes, from fine clays to large cobbles. According to the
Hjulstrom diagram, which defines erosion and
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deposition thresholds based on particle size and flow
velocity, velocities exceeding 1500 cm/s (15 m/s) will
entrain and transport virtually all sediment classes [47].
These high-energy flows result in riverbed incision,
floodplain stripping, and siltation at critical downstream
zones, which may reduce reservoir capacity and
compromise future water quality.

5 Conclusion

This study presents a detailed hydrodynamic analysis of
cascading dam failure scenarios involving the Azad,
Daryan, and Hirwa dams, with particular emphasis on
their downstream impacts on Darbandikhan Dam in Iraq.
Two principal scenarios were evaluated Scenario 1
(sequential overtopping at full capacity) and Scenario 2
(piping at Azad Dam followed by overtopping at
downstream dams). Both scenarios demonstrated the
vulnerability of the interconnected reservoir system to
extreme flood events, especially under full reservoir
conditions. Scenario 1 emerged as the most critical case,
producing rapid wave propagation, minimal attenuation,
and the highest flood loads at the Irag—Iran border and
near Darbandikhan Dam. Water surface elevation at the
border peaked at 512.0 m, while near the dam structure
it rose to 491.55 m, far exceeding the spillway crest
elevation of 485.0 m. The flood wave overtopped
spillway of Darbandikhan Dam, triggering emergency
discharges through the bottom outlet to preserve
structural safety.
though at the cost of increased downstream flooding.
The cascading failure resulted in catastrophic impacts
both upstream in western Iran and downstream in
northeastern Iraq. Over 16 Iranian villages and 12 Iraqi
villages were affected, with Hirwa Village experiencing
complete submergence. Approximately 72.84 km? of
land including productive agricultural areas and
transportation infrastructure was inundated. Flow
velocities ranging from (10 m/s to 25 m/s) exceeded
critical sediment entrainment thresholds, indicating
severe erosion, sediment transport, and long-term
geomorphological changes.

6 Recommendations

To mitigate the risks identified in the dam failure
simulations, several key measures are proposed:

1. Structural and Operational Improvements: Implement
dynamic reservoir drawdown strategies during high-risk
periods and upgrade the spillway and outlet capacities at
Darbandikhan Dam to handle cascading flood inflows.
2. Early Warning and Monitoring: Establish real-time
flood monitoring systems upstream of Azad Dam,
develop rapid alert protocols for downstream
communities, and provide flood response training and
evacuation planning for vulnerable villages.

3. Transboundary Coordination: Strengthen cooperation
between Iran and Iraq through bilateral agreements,
shared hazard mapping tools, and joint emergency

. For Engineering Sciences

response planning and drills.

4 Future Research Needs: Investigate sedimentation and
siltation effects, analyze slope stability risks under rapid
hydraulic changes, and incorporate climate resilience
into dam safety strategies.
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Table (1) Azad, Daryan, Hirwa and Darbandikhan dam’s properties
Items Azad Dam Daryan Dam Hirwa Dam Darbandikhan Dam
Dam Type Rock-fill dam Rockfill dam Concrete dam Rockfill dam
Height 115 m 169 m 45 m 128 m
Crest Elevation 1480m 710 m 660 m 495 m
Maximum WSE 1474m 705 m 654 m 485 m
Reservoir Capacity 300 million m3 316.3 million m3 12 million m3 2.55 billion m3
Table (2) Dams Storage according to Scenarios
. Initial Azad Daryan Hirwa Darbandikhan Darbandikhan Darbandikhan
Scenario Tricoer Volume Volume Volume State Volume Elevation (m)
&8 (10°m3) | (10°m3) | (106 m3) (10° m3)
i | Overtopping | 54, 316.3 12 Full 2550 485
Failure
S2 Piping 360 316.3 12 Full 2550 485
Failure
s3 | Overtopping | 54, 316.3 12 Semi-Full 2050 480
Failure
sS4 Piping 360 316.3 12 Semi-Full 2050 480
Failure
Table (3) WSE results for each Scenarios
Locati Scenario 1 : WSE(m) Scenario 2 : WSE(m)
ocation . .
Overtopping Pipping
At Iran-Iraq Border >12.0 >10.31
491.55 490.08

Near Darbandikhan Dam body
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Fig. (1): Location map of Darbandikhan, Azad, Daryan and Hirwa dams.
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Fig. (2): Maximum cross section of the Darbandikhan Dam (Adopted from the Darbandikhan Dam Directorate)
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Fig. (5): Hirwa Dam looking upstream.

Fig. (7): Hirwa Village submergence after the flood.
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Fig. (8): Houses are expected to be affected by the Flood.
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Fig. (14): Flood Velocity from Azad dam to Daryan dam.
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Fig. (15): Flood wave from Daryan dam to Darbandikhan dam.
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