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Abstract. Hydrodynamic accidents are emergency events caused by the failure of hydraulic
structures, leading to flooding and inundation of extensive areas as well as large-scale socio-
economic consequences. This article provides a systematic analysis of the factors contributing to the
occurrence of hydrodynamic accidents, particularly disasters resulting from the failure of reservoir
dams. Based on real events that have occurred worldwide, the consequences of such accidents and
their underlying causes are examined in detail. The possible causes of similar potential
hydrodynamic accidents in the context of our country are analyzed. As the object of the study, the
potential failure of the Mingachevir reservoir dam due to possible hazards is assessed. The research
results indicate that the interaction of technical, natural, and anthropogenic factors significantly
increases the scale and impact intensity of hydrodynamic accidents.
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In recent decades, due to the growing demand for water, many countries have
increased activities related to the construction of hydraulic structures and the storage of
water resources. Although such activities play an important role in water resources
management, the intensification of extreme hydrological events has, in some cases, caused
hydrodynamic accidents to become a globally relevant problem. Hydrodynamic accidents
mainly occur as a result of sudden or progressive failure of dams, reservoirs, and other
hydraulic structures. As a consequence, a large volume of water is released and begins to
move uncontrollably within a short period of time, leading to severe consequences. Such
emergency events pose serious threats to human life and activities, critical infrastructure
facilities, as well as the environment.

International experience shows that the consequences of hydrodynamic accidents
may manifest not only at the local level but also on a regional scale. Therefore, the study of
the mechanisms underlying the occurrence of such accidents and the scientific assessment
of their hazard levels are of great importance for effective emergency management [1].
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The occurrence of hydrodynamic accidents is not associated with a single cause but
results from the combined influence of various factors. Technical and structural deficiencies
are considered among the main risk factors. Inaccurate assessment of hydraulic loads during
the design of hydraulic structures, failure to account for the long-term durability of
construction materials, and the lack of timely technical inspections significantly increase the
probability of accidents. In particular, sudden failures caused by internal erosion processes
within the dam body may occur.

Natural factors can also contribute to the occurrence of hydrodynamic accidents.
Intense and prolonged precipitation, emergency events such as floods and flash floods in
river basins, as well as seismic impacts during earthquakes, can generate excessive loads on
hydraulic structures. In many cases, excessively high-water levels in reservoirs reduce the
discharge capacity of spillway structures, ultimately leading to a deterioration of dam safety.

Anthropogenic and management-related factors may further exacerbate the scale of
hydrodynamic accidents in the event of a failure of hydraulic structures. During climatic
extremes, the opening of spillway gates to protect dam structures may increase flooding and
losses in downstream areas. At the same time, improper selection of reservoir operating
regimes, the absence of emergency preparedness plans, and the ineffective functioning of
early warning systems result in greater losses when accidents occur. Global experience
demonstrates that the human factor can play a decisive role in preventing or mitigating the
consequences of such accidents [2].

Although failures of reservoir dams occur relatively rarely, it is expected that their
probability will increase in the modern era due to the intensification of climate change. As a
result, this influence may lead to more frequent and more intense flood events [3]. The
collapse of the 14 de Julho Dam in Brazil is a clear example demonstrating the significant
impact of climate change on dam safety [4].

As noted earlier, there are various factors contributing to dam failures. One of these
factors is the aging of dams. As hydraulic structures age, sediments gradually accumulate
over time, which affects water flow and reservoir storage capacity, thereby reducing the
operational efficiency of the structure during periods of intense precipitation. In addition,
aging dams become structurally weakened and require frequent technical maintenance,
which in many cases is not adequately provided [5].

Aging dams are typically characterized by design solutions that do not meet modern
engineering requirements. In particular, approximately one-third of dam accidents
worldwide are associated with spillway structures designed using outdated formulas that do
not account for the long-term effects of intense weather conditions [6]. Furthermore, snow
and glacier melt are considered another form of flooding that can lead to overtopping of
dams; this phenomenon was also observed during the Kyzyl-Agash dam disaster in
Kazakhstan [7-9]. The Situ Gintung Dam in Indonesia was recorded as having failed as a
result of internal erosion processes [10-12].

The Taum Sauk Pumped Storage Power Plant, located in Reynolds County, Missouri,
USA, was constructed between 1960 and 1963. The facility consists of a lower reservoir and
an upper reservoir. On December 14, 2005, a series of deficiencies introduced during the
design and construction phases, errors in the programming of monitoring and control
equipment, and human factors led to the catastrophic failure of the upper reservoir. During
the failure, although one of the two pumps was shut down, the other continued to operate,
and shortly thereafter water began to overtop the parapet wall and spill. Malfunctioning
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sensors that were improperly programmed and/or incorrectly installed failed to indicate in
time that the reservoir had reached its full capacity [13-15].

Following the Tohoku earthquake of March 11, 2011, with a magnitude of 9.0, the
Japanese authorities inspected more than 400 reservoir dams. According to official reports,
nearly all of these dams withstood the ground shaking, maintained reservoir integrity, and
continued operation with only minor to moderate damage. The notable exception was the
Fujinuma Dam. Prior to the earthquake, the Fujinuma Dam retained a small reservoir known
as Fujinuma lke, which was used for irrigation and recreational purposes and had a
maximum storage capacity of approximately 1.5 million cubic meters. This earthfill dam,
located in the southern part of Fukushima Prefecture, failed shortly after the earthquake. As
a result of the dam failure, the entire volume of water stored in the reservoir was released
uncontrollably, and the flow was directed toward a small downstream village. The resulting
flood completely destroyed 19 houses, caused severe damage to other buildings, washed
away a bridge, blocked roads with debris, and led to the loss of eight human lives [16-18].

In 2018, the failure of the Xe Pian—Xe Namnoy Dam in southern Laos generated a
powerful flood wave, resulting in more than 70 fatalities and leaving thousands of people
homeless. Although it is clearly established that the disaster was caused by geological and
engineering problems, the gradual degradation process of the dam and the potential hazards
posed by other dams in the area have not yet been fully clarified [19]. The primary cause of
the accident was the development of erosion due to the proximity of groundwater to the
surface in vegetated foundation areas, which led over time to localized collapses and the
formation of voids. When erosion and softening of the foundation reached a critical level,
the static stability of the dam was compromised, resulting in a deep circular slide at the
highest section of the dam. Finally, when the thin upstream section of the dam crest
ruptured, a water wave overtopped the dam, causing an uncontrolled and catastrophic
release of water. As a result of this accident, the central section of Saddle Dam D and its
foundation were completely washed away [20, 21].

On May 19, 2020, during several days of intense rainfall, the earthen embankment
section of the Edenville Dam failed. This failure subsequently led to the collapse of the
downstream Sanford Dam, as well as damage to two additional dams. As a result of these
accidents, material losses amounted to approximately 100 million US dollars, and during the
COVID-19 pandemic period, about 11,000 people were evacuated, while approximately
2,500 structures sustained severe damage [22, 23].

On April 5, 2024, flooding along the Ural River in Russia resulted in the failure of
the Orsk Dam. In the city of Orsk, flooding intensified following the breach of the dam,
leading to the evacuation of thousands of residents, 15 fatalities, and injuries to at least six
people. The estimated economic damage amounted to approximately 1.2 billion rubles. The
accident was caused by a dangerous rise in water levels due to ice melting in the Ural River
[24, 25].

On August 25, 2024, the Arba’at Dam, located in Sudan’s Red Sea State,
approximately 38 km northwest of Port Sudan, suffered severe damage as a result of heavy
rainfall. According to analyses, a breach occurred in the dam, leading to the complete
drainage of the reservoir. As a result of the accident, significant damage to people and
property was reported in approximately 20 downstream villages. Based on the analyzed
data, up to 50,000 people living in the western part of the dam area were severely affected
by this event. In addition, the Arba’at Dam is considered a strategically important hydraulic
structure for Port Sudan, as it represents one of the city’s main sources of drinking water.
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Consequently, the damage caused by the accident had a serious impact on the water supply
of Port Sudan [26-28].

Table 1 — Selected emergency accidents related to reservoir dam failures during 2005-2025

Ne  Country Reservoir / Date of the Storage Year  Cause of Specific cause of
dam name accident capacity/Dam of failure occurrence
age operati  (natural,
classification on technical,
start human,
combined)
1. USA Taum Sauk 14.12.2005 @ Capacity: ~5 1963  human Lack of proper
Upper mln m? inspections
Reservoir (upper dam); Overtopping — Failure
Dam non-aging of level control,
(Missouri) management error
2. Indonesia | Situ 27.03.2009 | Capacity: ~2 1933 | technical | Heavy  rains —
Gintung min m3; overtopping, Poor
Dam aging maintenance, internal
erosion, hidden cracks
3. | Kazakhs- | Kyzyl- 11.03.2010 Capacity: - - combined = Sudden dam breach
tan Agash Dam Age: - due to poor
management,
structural and
operational
deficiencies and
caused by torrential
rains, early snowmelt
4, | Japan Fujinuma 11.03.2011 | Capacity: 1937- | natural Earthquake effects
Dam ~1,5 min m?; | 1949 (2011 Tohoku),
(Fukushima) aging Seismic instability
5. Lao PDR @ Xe-Pian Xe- 23.07.2018 @ Capacity: >5 2017- combined @ Seepage and cracking,
Namnoy - mlrd m3; 2018 high water level —
Saddle Dam non-aging failure of the auxiliary
D dam
6. USA Edenville 19.05.2020 | Capacity: 1925 | technical | Technical defects and
Dam ~49 mln m?3; extreme rainfall —
(Michigan) aging overtopping and
breaching
7. Ukraine Kaxovka 06.06.2023 = Capacity: 1956  human Explosion / military
HES dam ~18 mlrd m’; sabotage (wartime
aging conditions)
8. | Russia Orsk city | 05.04.2024 | Capacity: - | 2010 | human Very high-water level
dam non-aging —  flood loading,
(Ural river) operational problems
9. | Sudan Arba’at 24.08.2024 = Capacity: - app. combined  Breach, heavy rains
Dam (Port non-aging 1990s and structural
Sudan) deficiencies
10. | Brazil 14 de Julho | 02.05.2024 | Capacity: 2008 | natural Torrential rainfall
55.18min m*:
non-aging
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On June 6, 2023, during the Russia—Ukraine war, the Nova Kakhovka Dam, located
in southern Ukraine, was destroyed by an explosion. As a result, a massive volume of water
flowed uncontrollably downstream along the Dnieper (Dnipro) River, inundating dozens of
settlements [29]. The dam’s destruction directly affected more than 100,000 people and led
to the flooding of over 620 square kilometers of land [30].

Hydrodynamic accidents occurring worldwide and their consequences vary in
severity depending on their causes. Statistics on several hydrodynamic accidents that have
occurred over the past 20 years are presented in Table 1. This table clearly demonstrates the
level of danger posed by such emergency events.

The list of accidents presented in Table 1 can be further expanded, as such
hydrodynamic accidents have occurred frequently worldwide and are likely to occur in the
future as well.

Based on the analyses above, the dam failures that have occurred can be grouped in
Figure 1 - the form of a diagram according to the age of the dam, the cause of failure, and
the reservoir volume [1].
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Figure 1 — Classification of hydrodynamic accidents that occurred in the 21st century

There are numerous reservoirs in our country as well. These reservoirs have been
constructed for various purposes, including river regulation, water storage, electricity
generation, and others. Within the study area—the Yevlakh—Neftchala zone of the Kura
River basin—any potential accident that may occur at the dam of the Mingachevir
Reservoir, which is considered the largest reservoir in the Caucasus and is capable of
causing severe inundation consequences, could lead to an extremely dangerous emergency
situation for the country. In particular, in the event of such an accident, all settlements
located along the Kura River downstream from the Mingachevir Reservoir dam (especially
those situated close to the river) could be exposed to flooding. Figure 2 presents a risk map
of areas vulnerable to flooding and inundation. In the case of a possible dam failure, there is
a high probability that the flood wave would propagate in this direction [31].
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Figure 2 — Risk map of areas prone to flooding and inundation

The factors that may lead to such an accident should be derived from the global
experience reviewed above. These experiences demonstrate that reservoir dams may fail due
to natural, technical, and human factors, as well as intentional destruction by an enemy
under wartime conditions.

Based on the results of the conducted analyses, all of the aforementioned potential
factors can be considered relevant for Azerbaijan. The country’s territory is frequently
exposed to seismic activity, and in particular, the area where the Mingachevir Reservoir is
located is classified as an 8-intensity seismic zone [32]. At the same time, during high-water
periods (spring—summer months), increased precipitation and snowmelt further raise the
likelihood of such hydrodynamic events.

In addition, the military-political risk factor should also be regarded as relevant for
Azerbaijan. Experience gained during the Second Karabakh War indicates that rockets
deliberately launched by the enemy fell in areas surrounding the Mingachevir Hydropower
Plant (Figure 3). Due to the protection provided by air defense forces and the neutralization
of the rockets in midair, no actual damage was recorded. Nevertheless, in such
circumstances, the potential risk of damage to reservoir dams cannot be entirely ruled out
[33].
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Figure 3 — Missiles launched by the Armenian armed forces in October 2020
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Conclusion. The conducted analyses show that reducing the risk of real
hydrodynamic accidents worldwide requires the implementation of scientifically grounded
monitoring systems, the improvement of early warning mechanisms, timely dissemination
of information to the population, effective management measures, and the availability of
risk maps by zones. Considering the large number of hydraulic structures in our country,
improving the measures mentioned above will help minimize losses in the event of such
emergencies.

Furthermore, when assessing the probability of such an accident occurring at the dam
of the Mingachevir Reservoir — the largest reservoir in the Caucasus — and its potential
consequences if it were to occur, a catastrophic emergency scenario emerges. In addition,
during hazard level assessment, the integrated analysis of hydraulic and hydrological
parameters is of great importance. Risk assessment enables the identification of risk zones,
the prediction of possible losses, and the planning of preventive measures aimed at
preventing such events and mitigating their severity.
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IMAPOANHAMUKAIJIBIK ALHATTAP: ITAMJIA BOJIY CEBEITEPI )KOHE MUHI TUEBUP
CY KOMMACHBI BOT'ETI YIIIH bIKTUMAJI KAVIIITEP

Anyoamna. I'napoAMHAMUKAIIBIK anaTTap FUAPOTEXHUKAIBIK KYPbUIBICTAP/bIH ICTEH HIBIFYBI
caJjapblHaH TYBIHJANTBIH, KEH ayMakTapAblH Cy OacyblHa »oHE ayKbIMJbl OJIEYMETTIK-
HSKOHOMMKAJIIBIK 3apJanTapra okeneTiH TereHmie jxafmailmap Oousibin TaObutagbsl. Makanana
TUIPOJIMHAMUKAJIBIK anaTTapblH, dcipece ¢y KolMaapbl OereTrepiHiH Oy3bUlyblHAH TYBIHJANTBIH
amarTap/plH Maiiia OonmyblHa ocep eTeTiH (akropiap XyWem Typle TalJaHFaH. OJeMJe OpbIH
aJIFaH HaKThl OKHMFajap HETI31HJE OJlapJIblH KEeNTIPreH cajjapbl, COHAAN-aK anaTTapAblH TybIHAAY
ceOenTepi kaH-)KaKThl 3epTTenin. EmiMi3 sxaraaiibiHaa ochblHIal THAPOIMHAMUKAIBIK aaTTap IblH
BIKTUMaJI Taiiia Oosty cedenrtepl TannaHFaH. 3€pTTE€y HBICAHBI PETIHJAE albIHFAaH MUHISYEBUD CY
KoliMachl OereTiHiH MYMKiH anaTTap cajljapblHaH Oy3bUTy Kaymi OarananfraH. 3epTTey HOTIKenepi
TEXHHUKAJBIK, TaOUFU KOHE aHTPOIOTEHIIK (pakTopiapAblH e3apa bIKMaldbl T'MAPOJUHAMHUKAIBIK
arnaTTap/bIH ayKbIMbl MEH 9Cep €Ty KYIIIH e19yip apTThIPAThIHBIH KOPCETE .

Tyiiinoi ce3zdep: THUAPOAMHAMHUKAIBIK amar, cy 0acy, TUAPOTEXHUKAIBIK KYPBUIBICTAp,
TOTEHIIIE KaF/1ai, Cy KOHMAachl, TACKbIH, O6TeTTiH 0y3bUTybl, MUHTsIUEBUD Cy KOMIMAachl Oereri.
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I'MJIPOJUHAMUYECKUE ABAPUU: ITPUYNHBI BO3HUKHOBEHUMA
N ITOTEHIMAJIBHBIE YI'PO3BI JJIA ITNIOTUHBI
MUHITHEBUPCKOI'O BOJJOXPAHMJINIIIA

Annomayus. I'MApOAMHAMUYECKUE aBapuUU SBISAIOTCA 4YPE3BBIYAMHBIMU CHUTYalUsIMH,
BO3HHUKAOIIMMHU B PE3YJIbTATC BbIXOJAAa U3 CTPOSA THAPOTCXHUUCCKUX coopyxceHHﬁ " [MPUBOAAIINMU
K 3aTOIUICHUIO M IOATOIJICHUIO OOLIMPHBIX TEPPUTOPHH, a TaKKe K KpPYINHOMACHITaOHBIM
COIMAIIEHO-9)KOHOMHYECKUM TIOCIEACTBUSAM. B CcTaTbe CHCTEMHO MpOaHATU3UPOBAHBI (HAKTOPHI,
00yCJIOBIMBAIOIIME BO3HUKHOBEHME THMIPOJAMHAMMYECKHX aBapui, B YaCTHOCTH KaTacTpod,
BO3HUKAIOIIMX BCJICACTBUE pa3pylleHUs IUIOTMH BOJOXpaHuiuil. Ha ocHoBe peanbHO
IPOU3O0LLIEAIINX B MUPE COOBITHI JIeTalbHO MCCIEI0BAHBI BHI3bIBAEMbIE MU MOCJIEACTBHUS, a TAKXKE
IMPUYUHBI BO3HHKHOBCHHA aBapHﬁ. HpoaHaJII/I3I/IpOBaHBI BO3MOJXHBIC HPHUYHHBI IMOTCHIHUAJIBHOI'O
BO3HUKHOBEHUS MOJOOHBIX TMAPOJMHAMUYECKUX aBapuil B YCIOBUSAX Hallel cTpaHbl. B kadectBe
O0OBEKTa HCCIICOBAaHUS TPOBEJICHA OICHKAa pHCKAa BEPOSITHOTO Ppa3pYIICHUS IUIOTHHEI
MMUHTSIYEBUPCKOTO BOAOXPAaHWINILA B PE3yJIbTaTe BOZMOXKHBIX aBapuil. Pe3ynpTaTsl nccieroBaHus
IIOKAa3bIBaIOT, YTO B3aMMHOC BO3I[€I>10TBI/I€ TEXHUYCCKHUX, TIPUPOAHBIX U aHTPOIIOICHHBIX (I)aKTOpOB B
3HAYUTENbHOM CTENEeHM YyBEIUYMBAeT MACIITa0bl M CHUJIY BO3AECHUCTBUS TUAPOJIMHAMUYECKHX
aBapuil.

Knwouesvie cnosa: ruapoavHaMMuecKas aBapus, IOATOILNIEHUE, TI'MIPOTEXHUYECKHUE
COOPYKCHUA, qpe3quaﬁHas{ CUTyalusd, BOAOXPAHUJIMIIEC, HABOAHCHUC, PASPYHICHUC IIJIOTUHBI,
IJI0TUHA MUHII4E€BUPCKOr0 BOJIOXPaHUIUIIA.
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