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Abstract:

Dams play an essential role in today's water management. However, the vulnerability of dams in case
of extreme weather caused by climate change remains a crucial issue. The present literature review
analyzes studies on the strength of different dams: earth-fill, concrete gravity, arch, and rockfill. In
particular, the paper examines the performance of such structures in terms of floods, heavy rains,
earthquakes, fast water-level reduction caused by lengthy drought periods, and significant wind loads.
Historical cases of failures of Vajont Dam in Italy (1963), Bangiao Dam in China (1975), Teton Dam in
Idaho, United States (1976), Oroville Dam in California, United States (2017), and Derna dam collapses
in Libya (2023), as well as recent monitoring findings will be considered. It will be explored how design,
building material, functioning of spillways, and maintenance procedures impact the reliability of a
structure. Findings indicate that overtopping, especially as a result of incorrect estimation of the
Probable Maximum Flood (PMF), is the most frequent reason for failure. Meanwhile, seepage and
internal erosion lead to most other cases of dam breakage.
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Introduction:

Construction of dams has been one of the oldest engineering achievements by humans. From the
early Marib Dam in Yemen constructed in around 750 BCE to today’s modern structures like the Three
Gorges Dam in China, the hydraulic structures have impacted civilizations through providing water for
irrigation, management of floods, power generation through hydroelectricity, as well as provision of
drinking water (ICOLD, 2020). Presently, there are about 58,700 large dams around the world that store
7,000 km3 of freshwater, which is equivalent to 15% of the annual global flow volume in rivers (World
Commission on Dams, 2000). While dams are significant socioeconomically, they can be affected by
several forms of weather risks that may impact their structure integrity, sustainability, and safety. Over
the past years, more academic attention has been drawn to the effect of weather and climatic factors
on dams because of the human-induced climate changes that would bring about more incidences of
heavy rainfall, prolonged droughts, and other geophysical issues (IPCC, 2021). Notably, according to
ICOLD, overtopping and flooding are the main causes of failure of large dams, accounting for
approximately 30-34% of all dam collapses (Foster et al., 2000).

The objectives of this review paper can be stated as threefold: (1) to provide a systematic study of
failure mechanisms caused by weather effects on dams of various kinds; (2) to consider important cases
of dam failures and nearly failed structures due to the presence of severe weather phenomena; and (3)
to evaluate existing and evolving engineering solutions designed to extend dams life cycle. Figure 1
highlights failure mechanisms considered in this review.
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Figure (1): Principal weather-driven dam failure mechanisms: overtopping, piping/internal erosion,
seepage & wave erosion.

Dam Typology and Inherent Weather Vulnerabilities:
1. Earth-Fill and Rock-Fill Embankment Dams:

Approximately 70% of all big dams worldwide are embankment dams of the homogeneous earth-fill,
zonal earth-fill, and rock-fill types (Foster et al., 2000). Because they are made of compacted materials,
these structures are more vulnerable to rainwater erosion, seepage, and internal erosion known as
piping. Foster et al. claim that a very high percentage of total embankment dam failures are caused by
the phenomenon of piping, which is most common at the interface between the core and filter zones.
This is especially true when there is significant water saturation before the event (2003). Because of
their concrete impermeable facing slab, CFRDs have a great capacity to stop seepage. However,
uneven settlement or earthquakes may cause the latter to fracture, and freeze-thaw processes make
high altitudes more susceptible to this impact (Xu et al., 2012).

2. Concrete Gravity Dams:

Concrete gravity dams depend on their weight for resisting hydrostatic pressure and are perceived to
be more resistant to overtopping compared to embankment dams. Nonetheless, according to Wieland
(2012), one of the factors that may make uplift pressures exerted by water to become dangerous is
when there are blockages within the drainage system, thus reducing the weight of the dam and making
it prone to sliding across horizontal joints. Another factor that affects durability is alkali-silica reaction
(ASR) in which case the growth of expansion resulting from chemical reactions is accelerated when
exposed to humidity and temperature variation (Swamy, 1992).

3. Arch Dams:

The curvature of an arch dam transfers the horizontal pressure of the water to the canyon's sides,
making the construction of such a dam incredibly cost-effective. However, the high reliance on rock
stability makes such dams extremely vulnerable to geomorphic changes due to prolonged saturation of
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the canyon sides; the Vajont arch dam failure, which resulted from a landslip caused by prolonged rains,
is proof of the significance of taking geomorphology into account when analyzing a dam's resist.
Weather-Driven Failure Mechanisms:

1. Overtopping from Extreme Flood Events:

When water in a reservoir overflows the dam's crest, it is known as an overtopping. This happens
mostly as a result of excessive rainfall and rapid snowmelt, which causes an excess inflow that exceeds
the spillway's maximum discharge capacity. About 34% of all embankment dam collapses in the United
States are caused by overtopping, according to FEMA (2015). The Probable Maximum Flood (PMF) is
the design criterion that should be used to assess a dam's ability to withstand floods. However, a
growing body of data indicates that PMFs that were previously estimated likely to underestimate the
real quantity of flooding in areas that are undergoing climate change.

2. Seepage, Piping, and Internal Erosion:

When seepage rates in embankments or foundations surpass the rates at which tiny particles can
be moved outside, internal erosion protection mechanisms such as piping, suffusion, and contact
erosion begin. According to Fell et al. (2008), persistent wet circumstances that result in elevated
groundwater levels in embankments typically deteriorate the effectiveness of internal filters. According
to research by Wan et al. (2004), internal erosion happens even in filters that follow standard
procedures, and the critical hydraulic gradient for piping failure varies significantly depending on the
gradation characteristics of the soil.

3. Seismic Loading and Weather Interactions:

Long-term rainfall is linked to increased pore water pressure, which lowers the embankment and
foundation soils' effective stress and shear strength and leaves them vulnerable to deformation during
earthquakes (Makdisi & Seed, 1978). The 2008 Sichuan earthquake that severely damaged the
Zipingpu Concrete Faced Rockfill Dam was one instance of such a phenomenon. Large face slab
cracking and settlements up to 74 cm occurred because to a high reservoir level and ground vibrations
(Kong et al., 2011).

4. Drought-Induced Drawdown and Thermal Stress:

Low water levels in dams are caused by drought. Because there will be less stabilizing force applied
to the slope by the external water body, it will take less time to release the water that has been stored,
which could lead to slope failure. The dam's internal pressures will remain rather high. Additionally,
deep dams like gravity and arch dams may experience uneven stress in the event of excessive
summertime temperatures because of the temperature differential between the water and the
atmosphere.

5. Wind and Wave Erosion:

Waves created by persistently high winds will damage upstream erosion prevention covers on
embankment dams, such as rip-rap and armor stones. Because large reservoirs have long fetch lengths
and considerable wave action, wave run-up is one of the factors to be taken into account when
determining suitable freeboard elevations (U.S. Army Corps of Engineers, 1984). Current dams may
need to reevaluate their freeboards due to variations in wind patterns that could alter wave motions
(Young et al., 2011).

Case Studies of Weather-Related Dam Failures and Near-Failures:

The graph below, titled "Figure 2, Timeline of Major Weather-Related Dam Disasters," chronicles
five dam breaches that occurred between 1960 and 2030 and were all brought on by extreme weather.
On the horizontal timeline, all accidents are represented by colored dots, with red dots denoting those
in which a sizable number of people died. The timeline specifically highlights the collapse of the Teton
Dam in the United States in 1976, the Vajont disaster in Italy in 1963, and the accident at the Derna
Dam in Libya in 2023, all of which were caused by natural phenomena: the seepage process in the first
instance, a massive landslip that caused floods in the second instance, and Medicane Daniel in the
latter event, which resulted in approximately 11,300 fatalities. The Oroville case in 2017, when heavy
rains forced authorities to evacuate roughly 188,000 inhabitants, and the Bangiao catastrophe in 1975,
which was brought on by Typhoon Nina, are the final two disasters listed in the timeline.
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Figure (2): Timeline of major weather-related dam disasters.

Bangiao Dam, China (1975):

One of the worst dam disasters ever documented is the collapse of the Bangiao Dam. The earthen
dam, which was built on the Ru River between 1951 and 1954, had a clay core that could withstand
floods that would happen once every 1,000 years. However, Typhoon Nina caused the dam to overflow
and subsequently collapse, releasing almost 600 million cubic meters of water after delivering nearly
1,060 mm of rainfall in three days—more than double its capacity (Qing, 1998). The catastrophe
significantly affected China's dam safety regulations.

When it collapsed, 2.8 million cubic feet of water were discharged at a rate of 2.8 million cubic feet
per second, creating a flood wave that stretched over 7 miles across the impacted area, covering an
estimated 3 million acres, or the area of the state of Connecticut. All communities downstream were
completely destroyed as a result of the inability to warn the people downstream due to malfunctioning
communication equipment. The outcomes were catastrophic, even if the exact number of deaths is
unknown. According to local estimates, 63.5% of the residents of Qianhu Village died (Reclamation
Consequence Estimating Methodology, RCEM, Reclamation 2015).
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.F‘ig‘ue (3): View of Bangiao Dam failure in August 1975.

Teton Dam, USA (1976):

The Teton Dam breach is thought to have been caused by improperly designed critical trenches in
the abutment section made of loessial soils that are prone to internal erosion (Independent Panel to
Review Cause of Teton Dam Failure, 1976). After an unusually wet spring, the building fell during its
initial filling. Because of this tragedy, the National Dam Inspection Act of 1972 officially established the
U.S. Federal Dam Safety Program (U.S. Army Corps of Engineers, 1984).
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A. Beginning of Teton Dam breach B. After the Teton Dam breach
Figure (4): Teton Dam breach sequence, U.S. Bureau of Reclamation.

Oroville Dam Spillway Incident, USA (2017):

After a protracted drought, the Feather River watershed experienced extraordinary rainfall in
February 2017 due to the greatest atmospheric river event ever recorded in California (White et al.,
2019). A structural flaw in the foundation was revealed by excessive flows across the main concrete
spillway, which also created an erosion hole that was almost 45 meters deep. Erosion started moving
upstream after the emergency spillway was utilized, endangering the spillway weir's structural integrity.
About 188,000 people who lived downstream had to be evacuated as a result, and the repair costs
came to $1.1 billion (White et al., 2019). The image shows that the earthen emergency spillway lies to
the left of the main spillway, which is damaged and has split in two.

Figure (5): Oroville Dam spillway faiIure, February 2017

Abu Mansur and Bilad Dams, Derna, Libya (2023):

In the evening of September 10-11, 2023, a catastrophic failure occurred in the upper and lower
Abu Mansur and Bilad, respectively, in the Wadi Derna valley in northeastern Libya, resulting in the
worst dam disaster in the present century. With a capacity of between 22.5 and 1.5 million cubic meters
of water, this kind of earth fill dam, which was constructed between 1973 and 1977 with Yugoslavian
technical assistance, had not been maintained or inspected on a regular basis for at least 20 years
(Paron et al., 2023; UN Human Rights, 2023).

The abrupt development of a Mediterranean cyclone dubbed Daniel on September 10th, when the
weather system intensified due to unusually warm water temperatures in the central Mediterranean
Sea, was what immediately caused this horrific calamity. Over the Al-Jabal Al-Akhdar highland, which
is upstream of the town of Derna, it produced 414 millimeters of precipitation in less than a day, which
is much more than the area's average annual rainfall amount with a frequency of more than 500 years
(Nanditha et al., 2024).
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Figure (6): Derna before and after the dam failures of 10-11 September 2023

Research has demonstrated that human-caused climate change rendered Medicane Daniel far
worse than it otherwise would have been. This kind of incident is really thought to be roughly twice as
likely to occur now as it was before to the Industrial Revolution. The first dam to collapse was the Abu
Mansur dam, which could not withstand the enormous volume of water that flooded over it. The Bilad
dam collapsed as a result of the floodwaters rushing downstream when it failed. As a result, the city of
Derna was hit by a massive, devastating wave that carried a variety of debris and even carried some
of it into the Mediterranean Sea.

Medicane Daniel

10 Sep 2023
=414 mm/ 24 hrs

> 500-yr return period
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overtopped &
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@ Floodwave hits iiiidatad

Abu Mansur 8ilad Dam; ki @ Debris &
Dam victims swept

to sea
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Figure (7): Schematic diagram of the Derna cascade failure sequence, 10-11 September 2023

Based on different official sources, enough data can be built about studied dams to present a
comprehensive table of the relevant information, as shown in table 1.
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Table (1): Detailed comparison of five major dam disasters: Vajont, Bangiao, Teton, Oroville and
Derna, covering dam dimensions, flood data, casualties, and damage.

Dam / Date | Dam Dam type | Reservoir | Water released Deaths

event height capacity
Vajont Oct9, | 262 m | Concrete 168.7 ~50 Mm3 | ~1,900-2,500
Vajont 1963 double-arch | Mm3 overtopped 5 towns destroyed; 94%
River, Italy fatality rate in Longarone
Bangiao Aug 245m | Clay-core /| 492 Mm3 | ~500,000 acre-ft; | 26,000-240,000
Ru River, | 8-9, sand-shell peak flow 78,800 | 62 dams failed; 10.15 M
Henan, 1975 earthfill m3/s people affected; 5-6.8 M
China homes destroyed
Teton Jun 93 m Zoned 355.5 ~173,000 acre-ft | 11 confirmed
Teton 5, earthfill Mm?3 in ~2.5 hrs; peak | 25,000 homeless;
River, 1976 embankment 1M ft¥/s 20,000 livestock killed;
Idaho, USA flood 8 mi wide, 20 mi

downstream

Oroville Feb 235 m | Earthfill 4,364 Spillway erosion; | 0 deaths
Feather 7-12, embankment | Mm3 no full breach; | 188,000 evacuated from
River, 2017 (tallest in | (Lake ~100,000 cfs | 3 counties; no casualties
California, USA) Oroville) released
USA
Derna (Abu | Sep 75 m+ | Clay-core 22,5 Mm3 | ~30 Mm3 | 4,540 officials; ~11,000—
Mansour + | 10— 25 m | rockfill (Abu released; ~400 | 12,000 estimated
Al-Bilad) 11, (two earthfill (built | Mansour) | mmrainin 24 hrs | 3,297 officially missing;
Wadi 2023 | dams) | 1973-77) + 1.5 Mm3 ~25% of Derna
Derna, (Al-Bilad) destroyed; 90,000 city
Libya population

Engineering Strategies for Enhanced Durability Against Severe Weather:
1. Revised Hydrological Design Standards:

According to Vogel et al. (2011), the assumption of stationarity, or a continuation of historical climate
trends, does not apply to the case of manmade climate change. They suggest systematically
considering climatic model outputs while calculating the probable maximum flood (PMF). As a result,
several countries' organizations responsible for dam safety have changed their policies, incorporating
consideration of climate change scenarios into the dam safety assessment process (ICOLD, 2020). The
incident at Derna serves as a good example of the problem: the excessive rainfall caused by Medicane
Daniel, a flood that happens once every five centuries (Nanditha et al., 2024).

2. Spillway Capacity Enhancement:

Labyrinth and piano-key weirs can be used when enhanced hydrologic analysis demonstrates that
a dam's spillway capacity is inadequate because they provide a flow rate per width that is two to four
times greater than that of traditional ogee weirs with the same crest length (Lempriére & Ouamane,
2003). Many large dams in Europe and North America have implemented passive fuse-plug auxiliary
spillways, which are activated at predefined flood levels, providing an additional method of releasing
floodwater without requiring the physical operation of any gates. Regarding the Derna dams,
overtopping might have been prevented with even a slight increase in spillway capacity and appropriate
gate operation to lower the water level before a significant rainfall event.

3. Structural Monitoring and Early Warning Systems:

Continuous evaluation of seepage, deformation, and variations in pore water pressure is made
possible by health monitoring systems that employ piezometers, inclinometers, settlement meters, and
fiber-optic sensing devices. According to Farrar and Worden (2012), a dam's atypical behavior can be
detected days before any clear indications of its approaching collapse thanks to machine learning-
based analysis of data from such systems. Proper early warning also requires the integration of local
emergency planning and flood models, as demonstrated by the Derna instance.

4. Concrete Face and Surface Protection:

Silane/siloxane sealer treatments can be applied to a concrete gravity and arch dam that is failing
because of surface deterioration caused by ASR, freeze-thaw cycles, or chemical exposure. This kind
of treatment has the ability to stop additional ASR damage and lessen water infiltration (Swamy, 1992).
In Norway and Switzerland, HPFRC overlay systems have been used for upstream repairs on the face
of concrete dams to improve resilience to wave erosion (Wieland, 2012).
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5. Embankment Slope Protection and Filter Improvement

Compared to loose riprap, ACB systems and grouted riprap are significantly more resistant to wave
displacement (U.S. Army Corps of Engineers, 1984). Internal filter repair using compaction grouting or
jet grouting has been recommended when inspection reveals poor filter gradation but reservoir level
decrease is not feasible (Fell et al., 2008).

6. Governance and Institutional Frameworks

The sixth aspect of dam resilience which is occasionally overlooked in technical discussions is
revealed by the tragedy of Derna. Even the most technically sound dams could become major hazards
if the safety supervision system fails due to a disagreement, a lack of financing, or political unrest.
Instead of viewing dam safety as a one-time engineering effort, ICOLD (2020) emphasizes the need for
institutions to be permanently involved in the matter. The lack of an international control system for
dams in crisis-prone governments is the current issue with the current global framework for dam safety.
Climate Change Implications for Dam Safety:

There is a very high probability that climate change would aggravate the water cycle globally,
according to the IPCC's sixth assessment report from 2021. Most parts of the world will have more
frequent and powerful rainstorms as a result of climate change, whereas middle-latitude continents
would see longer and more severe droughts. This increases the dams' vulnerability to floods and
damage as a result of a protracted dry spell.

Hirabayashi et al. predict that by 2050, there will be floods in parts of East Africa, South Asia, and
Southeast Asia that happen once every fifty years, once every hundred years, or even sooner. This
suggests that the majority of current dams built according to certain standards will probably suffer more
negative consequences than anticipated over their lifetime. Furthermore, as demonstrated in 2023
during the creation of Medicane Daniel, the observed rise in Mediterranean surface temperatures
causes an increase in medicane production (Tous & Romero, 2013; Faranda et al., 2023). Dams in the
Middle East and North Africa are particularly problematic since they were constructed on erroneous
weather data.

For instance, seasonal water influxes have changed in mountainous regions where there is less
snow storage in the catchments that result in massive dams, causing extra pressures (Barnett et al.,
2005). Therefore, dam safety assessments need to reflect changeable conditions and not design flood
levels (ICOLD, 2020).

Conclusions and Recommendations:

This analysis demonstrates that ensuring dams can resist extreme weather entails a complex
interplay of hydrology, geotechnical and structural engineering, materials research, and operational
management. Important conclusions include:

- First, the primary cause of dam failure globally is still overtopping brought on by floods that exceed
design capacity. A crucial gap in safety procedures is being created by mounting evidence that
climate change is increasing flood severity more quickly than current techniques for updating
probable maximum flood (PMF) forecasts.

- Second, the majority of non-overtopping failures are caused by internal erosion and cracking, which
are frequently brought on by prolonged high-water tables during protracted wet periods. These
hazards highlight the necessity of meticulous filter design, quality control during construction, and
continuous seepage monitoring following construction.

- Third, case studies of Bangiao, Teton, Vajont, Oroville, and Derna highlight a persistent institutional
flaw: infrequent but physically feasible climatic phenomena have disproved presumptions about the
upper bounds of weather extremes. The Derna tragedy serves as an example of how institutional
failure and structural flaws combine to increase risk; even in cases where extreme rainfall is
predicted with accuracy, the lack of operational safety mechanisms and emergency procedures can
result in a significant death toll. This emphasizes the need for better probabilistic risk models that
evaluate the effects of weather events outside of historical records.

- Fourth, there are tried-and-true technical solutions that can reduce the dangers associated with
weather events, like improved spillways, real-time structural health monitoring, climate-resilient
hydrologic criteria, and protective surface technologies. Financial constraints or bureaucratic hold-
ups may limit these strategies, especially when it comes to large, older dams. Derna also
emphasizes the significance of international regulations to guarantee safety at dams in states that
are vulnerable and those that have recently experienced a conflict.

As a result, the following suggestions should be taken into consideration: (1) national regulators
should incorporate climate scenario analysis with estimates of medicane and atmospheric rivers
becoming more intense in the risk evaluation process for all dams; (2) an ensemble of climate models
with a quantitative uncertainty assessment rather than fixed engineering standards should be used
when reviewing spillway capacity; (3) real-time sensors and management systems accounting for
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weather impacts should be deployed at dams where this technology is most needed; (4) information on
pre-failure indications and near misses should be routinated internationally; and (5) an international
system for evaluating and rehabilitating dams in order to prevent future.
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