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Abstract: Since ancient times, dams have been built to store water, control rivers, and irrigate
agricultural land to meet human needs. By the end of the 19th century, hydroelectric power stations
arose and extended the purposes of dams. Today, dams can be seen as part of the renewable energy
supply infrastructure. The word dam comes from French and is defined in dictionaries using words
like strange, dike, and obstacle. In other words, a dam is a structure that stores water and directs
it to the desired location, with a dam being built in front of river valleys. Dams built on rivers
serve various purposes such as the supply of drinking water, agricultural irrigation, flood control,
the supply of industrial water, power generation, recreation, the movement control of solids, and
fisheries. Dams can also be built in a catchment area to capture and store the rainwater in arid and
semi-arid areas. Dams can be built from concrete or natural materials such as earth and rock. There
are various types of dams: embankment dams (earth-fill dams, rock-fill dams, and rock-fill dams
with concrete faces) and rigid dams (gravity dams, rolled compacted concrete dams, arch dams,
and buttress dams). A gravity dam is a straight wall of stone masonry or earthen material that can
withstand the full force of the water pressure. In other words, the pressure of the water transfers
the vertical compressive forces and horizontal shear forces to the foundations beneath the dam. The
strength of a gravity dam ultimately depends on its weight and the strength of its foundations. Most
dams built in ancient times were constructed as gravity dams. An arch dam, on the other hand, has a
convex curved surface that faces the water. The forces generated by the water pressure are transferred
to the sides of the structure by horizontal lines. The horizontal, normal, and shear forces resist the
weight at the edges. When viewed in a horizontal section, an arch dam has a curved shape. This
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type of dam can also resist water pressure due to its particular shape that allows the transfer of the
forces generated by the stored water to the rock foundations. This article takes a detailed look at
hydraulic engineering in dams over the millennia. Lessons should be learned from the successful
and unsuccessful applications and operations of dams. Water resource managers, policymakers,
and stakeholders can use these lessons to achieve sustainable development goals in times of climate
change and water crisis.

Keywords: water dams; water reservoirs; hydroelectricity; prehistoric and historical times; dam
hydraulic system; arch dam; gravity dam

1. Prolegomena

By studying ancient civilizations, we study ourselves and learn from the past about the present
and the future.

Andreas N. Angelakis
Traditional water dams have been built since prehistoric times, primarily for the

extraction, storage, and utilization of water in arid and semi-arid regions. Since early
civilizations, people have relied on the collection and storage of surface and rainwater
in regions with uneven water distribution and dry summers [1]. As a rule, most ancient
civilizations were founded in areas that had an adequate water supply, at least in winter.
This is particularly true for the arid and semi-arid climatic conditions in the regions around
the Mediterranean, such as southeastern Greece, where the availability of water resources
is extremely low, especially in summer [2,3].

The development of large dams has a very long history [1] and they were built and
operated in many countries over centuries. For example, such dams have been operated in
Mehrgarh and Mesopotamia since the Neolithic period, ca. 7000–3200 BC [4]. Subsequently,
during the Bronze Age (ca. 3200–1100 BC), dams were constructed in southeastern Greece
and the Indus Valley to increase water availability, to make civilizations more resilient to
destructive natural elements, and to improve living standards [2,5].

The construction of dams and reservoirs is associated with significant natural and
anthropogenic impacts. In general, the aim of dams and reservoirs is regional socio-
economic development through irrigation, flood control, power generation, water supply,
recreational purposes, deforestation reduction, drought shortening, fishing operations,
mining purposes, and navigation. It is also a landscape enhancement that includes the
development of new infrastructure and the creation of new employment opportunities, as
well as many secondary benefits [6].

Modern dams can be categorized as concrete or masonry dams and embankments
for the control of streams and river flows that run through valleys. The former block
streams that run through narrow gorges. A concrete or masonry dam is curved upstream
so as to transmit the major part of the water load to the abutments. An arch dam is
curved vertically as well as horizontally as a double-curvature arch dam. Furthermore,
dams can be categorized by purpose: (a) storage dams, the most common type of dam (in
fact, all dams are built to store water, unless otherwise stated); and (b) diversion dams,
which are intended to divert water from rivers. The latter are usually constructed to
avoid hindering the natural course of a river and to create enough pressure to divert the
water through channels to farms for irrigation. Diversion dams are common in areas with
large plantations and mostly rely on gravity to channel the water. The most common
uses of dams are: (a) the conservation of water in reservoirs to provide freshwater to
residential, irrigated, industrial, and mining areas; (b) the process of generating energy
from renewable sources, like hydropower; (c) regulation of the flow of water in rivers and
streams to protect communities from flooding events; (d) protection and upgrading of the
environment; (e) improving navigation; and (f) facilitation of water conservation to meet
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future requirements. Today and in the future, most of the constructed new dams will have
multiple uses.

Critical challenges in the concept of dams from a technical/technological point of
view are aging, sedimentation, and climate-driven issues (e.g., flooding), which are associ-
ated with the structural integrity of dams and their safety and economic/environmental
sustainability, requiring extensive and costly monitoring, maintenance, and management
actions. Moreover, in addition to the addressing of potential socio-economic and environ-
mental impacts from the construction and operation of dams, technological issues arise
from current and future increasing water demands, caused by a growing population with
the associated anthropogenic activities (e.g., hydropower and irrigation demands) and
problems from the climate crisis [7]. Both growing demands and the climate can cause a
increase of the water deficit between the availability of stored water and water require-
ments across sectors, threatening the sustainability of dams. To address such an issue, valid
approaches that quantify future water demands at a local and a regional scale by each sector
are needed to highlight potential gaps between the existing capacity of infrastructure and
future demands to support current and future adaptation measures [7]. Overall, we need
a thorough evaluation of current and future dam projects that can incorporate advances
in digital technologies, the sciences of materials, and construction techniques. We need
to incorporate sustainable and climate change-compatible management operations and
management practices, serving proper decision-making goals (e.g., proper site selection),
operational multitasking for multi-purpose dams (e.g., integration with renewable energy
systems), and (risk) management goals, such as an increase in water storage, flood control,
and the protection of ecosystems and humans.

A comprehensive review of the history of dams is needed to improve our knowledge
of their design and construction, requirements, and impacts. Emerging trends in dam
development should also be considered to improve future water management under
conditions of more frequent and more intensive droughts due to climate change, as well
as changing water demand patterns due to the further development of human societies.
As Confucius (551–479 BC) said, “Study the history if you would define the future”. Thus,
the academic advance of this overview is to present past examples, to study ancient dams
and to learn the lessons that can prepare us in the present and future to increase water
availability, particularly in increasingly urbanized areas. This work highlights ancient
technological practices to cope with limited regional water resources by the use of dams,
which were developed in several regions and over several millennia. Ancient technologies
could be combined with today’s knowledge to address challenges of the future.

This study presents a chronological history of dams, with relevant examples from
different geographical regions being selected for each period. For this reason, a thorough
review of the relevant references describing the historical data for dams in the ancient
places was conducted. Moreover, simple articles, comments, consultations, photos, and the
relevant data available in cyberspace were considered in this review. The information was
evaluated and used within a structural framework to highlight the provided knowledge
and facilitate the potential reader. Specifically, the article is organized in seven sections.
Section 1, Prolegomena, is an introduction to the topic and the elements of this review.
It is followed by Section 2, which explains the diverse history of dams from prehistoric
times to the Medieval Era (up to ca. 1400 AD). Section 3 deals with dams in the Early and
Middle modern periods (ca. 1400–1850 AD). Section 4 deals with dams in contemporary
times (1850 AD–present). Section 5 focuses on new trends and possible future challenges
for dams. Section 6 deals with the rehabilitation of water dams. Finally, Section 7, Epilogue,
comprises conclusive remarks and highlights.
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2. From Prehistoric Times to the Medieval Era (ca. 7000 BC–1400 AD)
2.1. Prehistoric Times
2.1.1. Middle East Prehistoric Civilizations (ca. 7000–1100 BC)

In the area that is today called the Middle East, the oldest known dams for water
reservoirs in the world are found. The Jawa Dam in the Black Desert of modern Jordan
is a masonry and earthen embankment, which was built around the middle of the fourth
millennium BC in the historic Levant region. Its purpose was to hold back the water
of a small river and to increase irrigation production on the semi-arid farmland area
downstream [7]. The oldest large dam is the Sadd el-Kafara Dam in the Garawl Valley
(30 km south of Cairo) in Egypt, which was built in the first half of the third millennium
BC with the assumed purpose of flood protection. Its ruins still exist and it was built as
an earth-fill dam [8] with a height of 12 m, a crest length of 108 m, and a width of 36 m
between two stepped masonry walls with a base width of 24 m each. The Sadd el-Kafara
Dam collapsed shortly after its completion, when it was inundated by a flood and washed
away due to the lack of a spillway to stop erosion. The oldest dam still in use is a rock-fill
dam on the Orontes in Syria, about 6 m high, which was built around 1300 BC for local
irrigation purposes.

In Iran, the oldest known dams were built 2200 years ago (Bahman Dam, (Figure 1) The
dams of Shapour and Mizan were built during the reign of King Shapur I about 1700 years
ago, and the Tilkan and Sheshtarz dams were built 1000 years ago.

Other examples of ancient Iranian dams are the Akhlemad Dam (Figure 2), with a
crest length of 230 m, a height of 12 m, and a capacity of 3 million m3, and the Fariman
Dam (Figure 3), which is 400 years old. Both are buttress dams and are still in operation [9].
Also, the Amir Dam north of Shiraz, which is 1000 years old, is still in operation [9,10]
(Figure 4).
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Figure 4. The Amir Dam, 1000 years old and still in operation, is an example of the exceptional water
designing works accomplished by the architects of the Persian Empire [12].

2.1.2. Minoan Civilization (ca. 3200–1100 BC)

The Minoan civilization was a Bronze Age Aegean civilization in southeastern Greece
(i.e., the island of Crete and other Aegean islands) that flourished from ca. 3000 BC to ca.
1450 BC. Its earliest beginnings have been dated to ca. 3200 BC and it declined from ca.
1450 BC until it ended around 1100 BC, during the early Greek Dark Ages [13].

Agriculture was one of the cornerstones of the Cretan economy in the Bronze Age,
and it is not surprising that the ancient inhabitants of the island went to great lengths to
control the water runoff and make it available for human use. Despite the use of traditional
archaeological survey methods, the full extent of the water management systems is not
fully understood, because the island’s rugged topography has prevented intensive and
thorough investigation of many sites. However, excavations at several locations in eastern
Minoan Crete (e.g., Choiromandres, Pseira Island, Gournia, and others) have uncovered
the remains of sophisticated water retention systems, which include the construction of
retaining walls to protect against erosion. Furthermore, massive dams with associated
reservoirs and small retention dams on ravines have been discovered that were over a
hundred meters long and were intended to control water runoff and make it available



Water 2024, 16, 1889 6 of 41

mainly for water supply and irrigation uses [14]. Most of those dams were very old (the
late Minoan period) and small scale.

A small valley known as Choiromandres in the eastern–southern end of the island of
Crete contains an integrated farming system over an area of 7.5 ha, which ensured water
for irrigation and protected the soil, not only of this valley, but also of downstream areas
from erosion. Choiromandres could offer insights into other archaeological sites in Crete
and other regions and contribute to a better understanding of Minoan technologies related
to the management of water resources. A robust wall of megalithic masonry from the
Neo-Palatine period (ca. 1750–1430 BC) remains with a length of 27 m and a height that
is currently 3.10 m [2]. The particularly strong construction of this wall and its location
suggest that it was a dam designed to hold fast flowing water and to protect the soil from
erosion. The wall was constructed much thicker at its base to ensure its stability. The
eastern channel was formed on the surface of the rock, which may have served as a funnel
to drain excess rainwater. The dam must have been built during the dry summer months
when the gorge was dry [15]. The upper part of the wall was probably reconstructed in
the Late Classical and/or Hellenistic period. A plan and view of the main dam and the
retention dam of the Choiromandres irrigation project are shown in Figure 5.
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2.1.3. Hittite Era (ca. 1600–1180 BC)

Anatolia, where civilizations met, intersected, and developed, is home to the world’s
leading hydraulic engineering structures in terms of the diversity of ancient water technol-
ogy. The remains of civilization-related artifacts dating back 10,000 years have been found
in Anatolia. However, information on hydraulic structures or springs has only been found
from the Hittite period in the second millennium BC.

Considering the conflict in Anatolia between an increased water consumption in the
summer months with a low water inflow and a lower consumption in the winter and spring
months with a high water inflow, there is a clear need for comprehensive water planning,
which can only be achieved through the construction of hydraulic structures. Therefore,
several notable dams have been built in this region serving various purposes such as water
storage, irrigation, and flood control [16]. Water planning played a crucial role in the
Hittite civilization. The success of this planning was achieved through the construction
of massive reservoirs in the form of dams or large basin structures in front of productive
water reservoirs or cities [17,18].

In Anatolia, the dams constructed during the Hittite Empire period appear in the
Upper Kızılırmak section of the Central Anatolian Region, which is called the Hittite
Empire’s core region. It is believed that the dams built during the Hittite Empire period
played a significant role in meeting the increased water demand during the summer
months, benefiting livestock and agricultural activities [16,18,19]. These dams not only
made production more secure but also increased productivity. The most important Hittite
dam structures in this region are the Hattusa (Boğazköy) Dam, Alacahöyük Gölpınar Hittite
Dam, Çakır Köy Hittite Dam, Karakuyu Hittite Dam, and Köylütolu Hittite Dam [20–23].
The oldest dam remnant in Anatolia is the Karakuyu Dam, which the Hittites built in the
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middle of the second millennium BC to irrigate Uzunyayla, located between Kayseri and
Sivas [17,18,24]. It is stated that the Karakuyu Dam, with a height of 8 m and a total crest
length of 400 m, had a soil-fill structure with a stone-clad downstream face [18].

In the Hittite Empire period, the use of clay fillings in the construction of dam
walls and the reinforcement of the inclined downstream face with stone support were
common features in all dams [16,19,25]. In Hittite dams without stone cladding, the
lower section was constructed with large stones and reinforced with clay soil to prevent
permeability [16,19,25]. Among the dams built during the Hittite period, the Köylütolu
Hittite Dam is the longest structure in the Anatolia region with a length of 700 m [16,18].
Another important dam that was built during the Hittite period is the Gölpınar Hittite
Dam, located in Çorum Alacahöyük. It is still operational today after undergoing repairs.
The dam wall, with a length of 130 m and a width of 15 m, has a storage pool or reservoir in
the middle [16,26]. The bottom of the pool, which is 8 m wide, is covered with clay [19,26].
The Çakır Köy Hittite Dam was constructed with parallel walls filled with clay core, indi-
cating a different technique from the other Hittite dams. Except for the Gölpınar Hittite
Dam, spillways were not identified in other dam structures built during the Hittite Empire
period [16].

2.1.4. Babylonian, Assyrian, and Other Civilizations

The Assyrians, Babylonians, and other civilizations built dams between 700 and
250 BC for water supply and irrigation. A dam built at the same period was the earthen
Ma’rib Dam in the southern Arabian Peninsula, which was more than 15 m high and nearly
600 m long. Flanked by spillways, this dam delivered water to a system of irrigation canals
for more than 1000 years. The remains of the Ma’rib Dam are still evident in present-day
Ma’rib, Yemen [27]. Other dams were built in this period in Sri Lanka, India, and China.

The Dujiangyan Irrigation Project, located in Chengdu, Sichuan Province, China, was
built in 256 BC and has a history of nearly 2300 years. There are many ancient large-scale
water conservancy projects in the world, but the Dujiangyan Irrigation Project is still full of
vitality and is regarded as a miracle in the history of world water conservancy. The person
who presided over the construction of the Dujiangyan Irrigation Project was Li Bing, the
governor of Shu County in the State of Qin. The diversion structure of the Dujiangyan
Irrigation Project is shown in Figure 6.
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The entire project consists of three main projects: the Fish Mouth Water-Dividing Dam,
the Flying Sand Weir, and the Bottle-Neck Channel. It has a magnificent scale, a suitable
location, a reasonable layout, and three functions: flood control, irrigation, and navigation.

The Fish Mouth Water-Dividing Dam divides the Minjiang River water flow into
two streams, one of which leads to the Chengdu Plain and could not only divert floodwater
to reduce disaster but also irrigate fields and turn harm into benefit. To enable the water
of the Minjiang River to flow eastward, Li Bing first made a 20 m wide opening in Yulei
Mountain, calling it “the Bottle-Neck Channel”. The separated end of Yulei Mountain,
shaped like a large stone pile, was called “Li Dui”. In addition, the method of construct-
ing a diversion weir in the heart of the river was applied, dividing the river water into
two branches and forcing one of them to enter the Bottle-Neck Channel [29].

In the process of building the Fish Mouth Water-Dividing Dam, Li Bing did not simply
drop stones into the middle of the river to build the dam. Instead, he ordered workers to
weave large bamboo cages 10 m long and 0.6 m wide, which were filled with pebbles, and
sank one by one to the bottom of the river. Finally, he overcame the rapid flow of the river
and built the diversion dike. The front end of the embankment looks like a fish’s head, and
is therefore called “the Fish Mouth”. It heads towards the upper reaches of the Minjiang
river, dividing the surging river water into two streams: east and west. The western river is
the mainstream of the Minjiang river; the eastern river is the main canal of the irrigation
canal system. The canal flows through Baopingkou and is divided into many large and
small channels, forming a crisscrossing fan-shaped water network to irrigate thousands of
miles of farmland in the Chengdu Plain.

To further contribute to flood diversion and disaster reduction, Li Bing built a 200 m
long spillway between the Fish Mouth Water-Dividing Dam and the pile to flow into the
outer river, ensuring the prevention of disasters in the inner river. There is a bend in front
of the spillway, which causes a circulation of river water. When the river water exceeds the
top of the weir, the debris carried by the flood flows into the outer river, so as not to clog
the inner river and Baopingkou waterway, hence the name “the Flying Sand Weir”.

When the water level in the inner river is too high, the flood overflows the Flying
Sand Weir through a flat-water channel and flows into the outer river, ensuring that the
amount of water entering the Bottle-Neck Channel is not too large and protecting the inner
irrigation area from floods. At the same time, the water flowing over the Flying Sand Weir
and into the outer river generates a vortex. Due to centrifugal action, mud, sand, and even
boulders are thrown over the Flying Sand Weir, which can effectively reduce sediment
deposition. The scientific design and effective management of the Dujiangyan Irrigation
Project ensure that the whole project can still play an important role more than 2200 years
after its construction.

In 2000, the 24th UNESCO World Heritage Committee included the Qingcheng Moun-
tain Dujiangyan Irrigation Project in the World Heritage List; thus, the project officially
became China’s 17th World Cultural Heritage Site.

2.2. Historical Times (ca. 1100 BC–330 AD)
2.2.1. Urartian Era (ca. Ninth to Sixth Centuries BC)

The Van basin, the center of the kingdom of Urartu, is rich in water resources. The
Urartian kingdom built dams, reservoirs, and irrigation canals to ensure the efficient use
of these sources [16]. Archeological investigations carried out between 1987 and 2010 in
Eastern Anatolia and on the territory of the Nakhchivan Autonomous Republic identified
a total of 133 hydraulic structures, including dams, reservoirs, and irrigation canals [21].
The dams and reservoirs constructed during the Kingdom of Urartu were built by filling
the space between the upstream and downstream walls with a blockade of earth and
stone [20,30]. The walls of these structures were usually built from limestone and andesite
blocks, which were abundant in this region [16].

The Faruk Dam was built on Çorak Creek (Değirmen Creek), 10 km east of Van. It was
built around the middle of the first century AD, but the wooden, latticed part may have
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been added in the 1800s [16,20,31]. Faruk Dam was built in the Urartu era and rebuilt in the
Roman period [16] and is classified as a gravity dam. It was built to store fast-flowing water
and ensure a more controlled outflow. The lower part of the upstream wall is rectangular,
and the upper part consists of square blocks. The upstream–downstream walls are 40 m
long, 12 m high, and 4 m wide [23,32]. It is assumed that the upper part of the weir, with
a height of 2–3 m, was added in later periods [20]. In addition, it has been determined
that the Faruk Dam was filled with “opus caementicium” after the investigations at the
weir [16,20]. Opus caementicium increased the strength and impermeability between the
two walls. Opus caementicium is a type of cast concrete used by the Romans from the
second century BC onwards and consists of lime, lava rock dust, crushed stone, and brick
shards. It is used by being poured into a mold or filling the space between walls [16,33].

The spillway sections of the Faruk Dam are located in the lower middle part of the
dam wall and allow water to flow out. There is an arch-shaped weir on the upstream
wall of the dam and rectangular weirs on the downstream wall [32]. Using this technique,
the Urartu kingdom built numerous dams and reservoirs of different sizes. Among the
dams built in the Urartian era, the Kelle Dam, with a length of 208 m, is the longest
Urartian dam built in the Eastern Anatolia region [16,34]. Urartian engineers sometimes
built structures with two or three walls when building dams and reservoirs. Two different
walling techniques, which are considered examples of advanced hydraulic engineering,
can be observed in dams such as Rusa (Keşiş Göl), Köşebaşı, Kız Kapan, Tasmalı, and
Bendmurat. The technique of building with three walls can be seen in structures such
as Meydan Boğazı and Kırca Göl [16,20,31,34]. It is assumed that these additional walls
increased the durability of the dam against the pressure exerted by the water. The dams
and reservoirs of Urartu were generally built in a straight direction, but some other dams,
spillways, and reservoir walls show deviations in their construction. The dam walls of
structures such as Şekersu, Köyüstü, Düzlük, Kilise Gölü, and Reşan were built in a semi-
circular shape [21,34]. In addition, the dams at Gövelek, Rusa (Keşiş Göl), Bendmurat, and
Şekersu have a double spillway. The double spillway system is considered an advanced
technical achievement of the Urartu period [21]. There are also openings in the spillway
sections of the Urartu dams and reservoirs, such as the Çavuştepe reservoir and the Hırsız
Dam, which serve to regulate the flow of the water [16,20].

2.2.2. Archaic, Classical, and Hellenistic Periods (ca. 750 BC–31 BC)

Mainland Greece as well as the islands of the Aegean Sea to the east and the Ionian Sea
to the west experience erratic weather conditions with major differences in precipitation
from year to year and between neighboring regions and landscapes. Dry southeastern and
wetter northeastern climate patterns prevailed during antiquity. These climatic conditions
are observed today, with prolonged summer droughts in recent decades. Moreover, the
nature of many Greek landscapes, dominated by rugged mountains and hilly country,
increases the risk of seasonal flash floods and thus continuously (and very much so in
the wet winter period) poses threats to human development, including food security and
hygiene. Thus, in this context, lack of access to clean water for household purposes and
agricultural production represents the most critical type of threat [35].

From this perspective, one would have expected the Greece of the past to have de-
veloped dams on a massive scale to prevent such threats. However, the overall picture
is more limited; this probably has to do with past strategies that focused on settlement
locations where flash floods would have fewer, if any, devastating effects. The Alyzia Dam
of northwestern Greece on the Akarnanian coastline is an example of the above.

The Alyzia stone dam was probably built during the fifth century BC near the city of
Alyzia, which is located in Western Greece, on the coastline of the Akarnania area. It was
equipped with a stone-carved lateral spillway (Figure 7).
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through the centuries; and (b) the spillway under operation [36].

The body of the dam is characterized by a different bottom and upper zone. The
bottom zone was built with irregularly placed squared blocks, and the upper zone with
softer stones, uniformly shaped with small gaps which did not require filling with smaller
stones [36]. According to Murray [37]: “This is the clearest, largest, and most technologically
advanced ancient specimen yet known in the whole country”.

Various scenarios have been considered about the reasons that led to its construction.
Most of these approaches conclude that the dam was built to collect drinking water or
irrigation water, or for washing. A recent study [38] proposes a different scenario. Floods
in the valley of ancient Alyzia were exceptionally intense, leading to serious problems in
the urban and suburban areas of the city. To mitigate the floods and withhold the coarse
sediments that inundated the valley, the inhabitants of Alyzia constructed the dam at
the most suitable site of the watercourse. Even today, this is one of the most effective
solutions for flood and sedimentation control. In general, this dam is an impressive work
of infrastructure, not only for its scale or the overall quality of its design and construction
but also for its continuous and successful operation for 2500 years.

The Greek world, with only a few examples, demonstrates that the Greeks knew about
the principles of water storage as a precondition for irrigation. This involved the principle
of storing winter rain in cisterns or other forms of reservoirs, and, in some cases, dams
were constructed and applied. We know of examples of this in Metaponto and Herakleia in
Magna Grecia, modern Southern Italy; Gortyn in Crete; Delos and Lake Copais in central
Greece (Boeotia); and potentially also in Attica. The practice of combining drainage with
irrigation was also a distinct feature of the drainage project at the city-state of Eretria in
modern-day Evia [2,39].

The Nabateans built small dams in present-day Jordan to contain water from flash
floods and divert it away from the Siq, the gorge that leads to Petra [40,41]. In 1963,
20 tourists died in a flash flood in the Siq, but, after the Nabatean dams had been recon-
structed, the risk of flash flooding in the Siq was much reduced.

2.2.3. Roman Period (ca. 31 BC–476 AD)

The construction of dams by the Romans has received little scholarly attention com-
pared to their other civil engineering activities [40], although their contributions in this
field have been equated with their expertise in the construction of the well-known Roman
aqueducts, bridges, and roads [40,42–48]. Roman dam building began in earnest in the early
imperial period [49]. It was largely concentrated on the semi-arid fringes of the empire in
Northern Africa, the Near East, and Spain [40,42–44,47]. Only a few examples are known
from Italy, France, and the Balkans, although Roman dams may have been destroyed or
gone undetected there (Ibid.).
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The relative abundance of dams in Spain is partly due to intensive fieldwork there,
while in Northern Africa and the Middle East, dams stand out and have often not been
restored after abandonment. For Italy, only the Subiaco Dams are attested, which were
constructed by Emperor Nero (54–68 AD) for recreational purposes [40,50]. However, these
dams are notable for their exceptional height of 40–50 m, which remained unsurpassed
worldwide until the Late Middle Ages [40,49].

Roman engineering excelled in the practical application of dam concepts tried on a
smaller scale in previous times [46] and the use of older ideas to larger scale projects. Most
Roman structures were gravity dams that were simple low embankments [40,47,48]. These
dams usually had a triangular cross-section, some with a masonry wall on the water side
that was either bare (Figure 8a) or supported by buttresses. The dams were usually straight
but could be arched or of irregular shape, affected by the position of suitable foundations in
the underground. Massive earthen embankments supported dam walls on the downstream
side. The largest Roman dam is the Lake Homs Dam in Syria. This dam on the Orontes
River was a concrete gravity dam, 2 km long and 7 m high, built under Diocletian and
containing 90 million m3 of water. Other typical examples are the dams of Almonacid de la
Cuba, Muel, Alcantarilla, Proserpina, and Cornalvo in Spain [44–47].

Water 2024, 16, x FOR PEER REVIEW 12 of 42 
 

 

 
(a) 

(b) 

Figure 8. Roman dams: (a) ruined dam of Alcantarilla, Toledo, seen from the reservoir side (the 
reservoir wall collapsed into the basin at some stage, possibly due to the absence of buttresses; pho-
tograph: Cees Passchier); and (b) the Cornalvo Dam in Spain, which was erected in the first to sec-
ond centuries AD. 

The Alcantarilla Dam (Figure 8a) was a simple straight masonry wall with a support-
ing earth embankment, which collapsed into the reservoir, probably due to the lack of 
support on the inside wall during a period of low water. Proserpina and Cornalvo are two 
dams that supported the aqueduct for the city of Emerita Augusta (Merida), the capital of 
the province of Lusitania. The Proserpina Dam is similar to the Alcantarilla Dam but has 
buttresses on the reservoir side, probably to avoid collapse in case of low water. The Cor-
nalvo Dam is a Roman gravity dam with a crest length of 194 m and a height of 20.80 m 
dating from the first or second century AD (Figure 8b). The earth dam, made of Roman 
concrete and stone facing the water side, is still in use.  

The Proserpina and Cornalvo dams were originally thought to have been built at the 
origin of two Roman aqueducts to the city of Emerita [40,43,44,46,47]. However, following 
the recent discovery of an extensive network of abandoned aqueducts upstream of these 
dams, it seems likely that the dams are a late-Roman addition to the aqueduct structure, 
built after the upstream parts of the long city aqueducts of Emerita went out of function 
[51].  

Most Roman dams were built for agricultural purposes to retain water for dry peri-
ods (ibid.). In some cases, notably in Northern Africa, dams were planned to hold back 
the topsoil washed from the hills, so that the area of the reservoir, after being filled, could 
be used as agricultural land [40]. Contrary to modern practice, the Roman developers of 
water supply systems preferred to use spring water or other groundwater sources over 
dam reservoirs to provide cities with water. However, some dams supplied water for this 

Figure 8. Roman dams: (a) ruined dam of Alcantarilla, Toledo, seen from the reservoir side (the
reservoir wall collapsed into the basin at some stage, possibly due to the absence of buttresses;
photograph: Cees Passchier); and (b) the Cornalvo Dam in Spain, which was erected in the first to
second centuries AD.

The Alcantarilla Dam (Figure 8a) was a simple straight masonry wall with a supporting
earth embankment, which collapsed into the reservoir, probably due to the lack of support
on the inside wall during a period of low water. Proserpina and Cornalvo are two dams that
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supported the aqueduct for the city of Emerita Augusta (Merida), the capital of the province
of Lusitania. The Proserpina Dam is similar to the Alcantarilla Dam but has buttresses on
the reservoir side, probably to avoid collapse in case of low water. The Cornalvo Dam is a
Roman gravity dam with a crest length of 194 m and a height of 20.80 m dating from the
first or second century AD (Figure 8b). The earth dam, made of Roman concrete and stone
facing the water side, is still in use.

The Proserpina and Cornalvo dams were originally thought to have been built at the
origin of two Roman aqueducts to the city of Emerita [40,43,44,46,47]. However, following
the recent discovery of an extensive network of abandoned aqueducts upstream of these
dams, it seems likely that the dams are a late-Roman addition to the aqueduct structure,
built after the upstream parts of the long city aqueducts of Emerita went out of function [51].

Most Roman dams were built for agricultural purposes to retain water for dry periods
(ibid.). In some cases, notably in Northern Africa, dams were planned to hold back the
topsoil washed from the hills, so that the area of the reservoir, after being filled, could
be used as agricultural land [40]. Contrary to modern practice, the Roman developers of
water supply systems preferred to use spring water or other groundwater sources over
dam reservoirs to provide cities with water. However, some dams supplied water for
this purpose, notably for the cities of Toledo, Merida, Andelos, Consuegra, and Zaragoza
in Spain [52]; Glanum and Vienne [53] in France; Wroxeter in England [54]; Rome (the
Anio Novus aqueduct [46]); and Sebastopolis in Türkiye [55]. Many examples are also
known from small towns in Northern Africa, such as Uchi Minus, Agbia, Numluli, Thibaris,
Thabbora [56], Zabi [57], and Zama [58]. Small weirs in rivers supported the aqueducts of
some cities, such as Segovia [59], Syracuse [60], and Cahors [61]. Another application of
dams was to block rivers to divert floodwater away from harbors, as in the case of Leptis
Magna [40,46] and Seleuceia [45]. In the delta of the Rhine in the Netherlands, a dam
was built to modify the discharge of water into individual river branches (the Carvium
Dam [62]).

2.2.4. Han China Dynasties (ca. 206 BC–220 AD)

The Han Dynasty was very powerful in ancient Chinese history. After the estab-
lishment of the dynasty, rulers built large-scale water conservancy projects near the
capital Chang’an, including the Dragon Head Canal, Liufu Canal, Baiqu Canal, and
Chengguo Canal.

The Longshou Canal and Ancient Luohe River Irrigation District of Shaanxi Province
are located on the terraces of the Weihe River and Luohe River. This area is plagued
by frequent drought. Therefore, diverting water from the Luohe River for irrigation
was an essential means to tackle the water shortage challenge faced by local agricultural
production (Figure 9). The Longshou Canal was the first underground water channel in
Chinese history, built during the reign of Emperor Wu of the Han Dynasty. The channel
needed to pass through Shangyan Mountain. The soil here is loose and the canal banks are
prone to collapse, so ordinary construction methods could not be used. The Han working
people invented the well canal method and built the 3.5 km long Tielian Mountain tunnel,
which allowed the Dragon Head Canal to pass through Shangyan Mountain underground.
The evenly arranged vertical shaft divided the long distance underground channel into
multiple sub-projects, which were then excavated in opposite directions, reducing errors
and improving work efficiency. Adopting a vertical shaft can achieve three benefits with one
stone: it is not only a labor passage but also a way to dispose of soil and debris and to take
into account ventilation and lighting. The well canal method was introduced to the Western
Regions during the Han Dynasty through the Silk Road, and some researchers believe that
the “Karez” in Xinjiang today evolved from “the Jingqu method” of the Han Dynasty.
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In the first century BC, Zhao Xinchen served as the governor of Nanyang and presided
over the construction of the Six Gates Weir. The total length of the Six Gates Weir was
nearly 200 miles, with 29 ponds and weirs built along the main canal, forming an irrigation
system of a “long vines and melons” style, benefiting an area of over 5000 ha [64]. He also
focused on management and maintenance and formulated water use rules to support the
water supply for humans and agricultural production and to prevent water conflicts.

2.2.5. Roman and Byzantine Period (ca. 330–1453 AD) in Anatolia

Throughout history, many civilizations that needed water resources built hydraulic
structures to meet their water needs or to protect themselves from the destructive effects
of water. Some of these structures date back to the Byzantine Empire, also known as the
Eastern Roman Empire. Among the dams from the Eastern Roman period, are those of
Çavdarhisar (for flood control and irrigation in Aizanoi, Kütahya), Örükaya (for irrigation
in Çorum), and Böget (for drinking water in Niğde). For the period of Justinian (527–565),
the Dara Dam can also be counted [17]. The dams of the Roman era in Anatolia were
generally built with a few meters of earth-fill between two 1 m thick masonry walls [65].
In all the dams in Anatolia, “opus caementicium” was filled between two parallel walls,
except for the Ankara Dam, where “opus incertum” was used by incorporating large
stones into the “opus caementicium”. A single construction technique was used in the
dams [33]. When looking at the spillway shapes of the dams, two types of spillways can
be distinguished: arched and rectangular spillways. Arched spillways are found both in
Anatolia and in dams from the Roman period outside Anatolia, while rectangular spillways
have only been observed in Anatolia [16]. The Örükaya Dam and Çevlik Dam were
constructed by opening beds in the rocks on both sides of the valley and placing blocks in
these beds [16,66]. Thanks to this technique, the structures have remained sturdy for many
years. Additionally, in front of the downstream walls of these two dam structures, steps
were likely built to support the structure. Örükaya Dam was built between two main rock
blocks in a narrow valley [32]. It is classified as a gravity dam and may have been built in
the second century AD. The water level tends to rise in winter, due to irregular precipitation,
and become uncontrollable, while in summer the amount of water decreases due to the
high temperature and evaporation. Therefore, it has been stated that the dam was built for
irrigation purposes and flood control. The Örükaya Dam had a water collection basin with
a capacity of approximately 865,000 m3 [16,66]. It is thought to have consisted of a wall
with elaborately worked upstream–downstream walls and an arched drainage channel on
the downstream surface, built close to the Örükaya Valley. The dam wall was determined
to be 16 m high, 40 m long, and 5 m wide [16]. The building between the two cladding walls
filled with an “opus caementicium” core is considered a “typical Roman” construction
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style. As such, it constitutes an example of concrete-infilled dams from the Roman period.
The blocks used in the construction of the Örükaya Dam consisted of rectangular blocks of
cut limestone with bossage varying between 1 and 2 m in length and between 0.6 m and
0.7 m in width [16,65]. Thanks to the clay used between the blocks, impermeability was
increased. In addition, these clay joints were thought to be strengthened by pouring lead
on them [16]. In the lower middle section of the Örükaya Dam wall, a spillway section
is observed to have been constructed on the outlet wall in an arched manner. The arch
was made with a double row. The spillway is 2.50 m high and 2.10 m wide, with a void
in the middle of its vault. On the inner wall of the arch, 0.8 m below the void, there is a
rectangular drainage opening with a size suitable for a metal closure plate to enter in front
of it [66]. It is believed that by utilizing a lever system placed in the void of the outlet wall,
the metal plate in front of the rectangular opening could be moved up and down, allowing
a controlled discharge of water. Additionally, towards the east of the source section, there
is a canal believed to have been constructed at a later stage, which facilitates the drainage
of excess water from the dam. The dam’s reservoir area was filled with sediment carried by
the river to the upper part of the upstream wall, causing the dam to lose its function.

Another dam constructed in the second century AD is the Aizanoi Dam, located
on the Bedir Stream in the Kütahya Province [67]. Hard limestone blocks, which are
common in the area where the dam is located, extend to the bottom of the valley in some
places and cause the river valley to narrow. Aizanoi Dam belongs to the “gravity dam”
type. Built with meticulously crafted blocks, the dam is 7 m high, 6 m wide, and 80 m
long [68]. Researchers indicate that the Aizanoi Dam was constructed in two stages, and
these stages can be separated by the reuse of marble pieces, most of which were located
in the seating steps [67,68]. The dam was built for flood protection purposes. From this
information, it can be understood that the Aizanoi Dam, which was damaged due to
floods, has been rebuilt [16]. Other studies show that in the initial construction phase of the
Aizanoi Dam, the blocks were joined without mortar, while, in the second and third phases,
they were reinforced with mortar fillings. The Aizanoi Dam, similar to the Örükaya Dam,
was constructed by filling the space between the source and outlet walls, which is 4–5 m
wide, with “opus caementicium” to enhance the stability of the walls and ensure water
impermeability [16,23]. Looking at the blocks used in the construction of the upstream–
downstream walls, they consist of smoothly cut rectangular limestone blocks with a length
of 1–2 m and a width of between 0.6 m and 0.7 m [23]. The dam walls were built in a
“pseudo-isodomic” style [16]. The upstream–downstream walls were constructed by giving
a convex inclination according to the direction of the water flow. With this construction
style, the aim was to distribute the high water pressure that occurs in the middle section to
the sides. This type of construction is also seen in today’s dams. In the Aizanoi Dam, an
arched sluice section opens to the lower left part of the upstream–downstream walls, which
allows the water collected in the dam to be discharged. The arched sluice sample found in
the Aizanoi Dam is similar to the sluice found in the Örükaya Dam. The sluice section has
a width of 6 m, and it is estimated that the water would reach a height of 2.5–3.0 m before
the dam floor was filled with alluvium [16]. Today, the arched ceiling of the sluice is 1.5 m
above the alluvial layer and the water level. Thanks to this weir, the river, whose violence
is broken by the dam set wall in times of flood, can be controlled more efficiently.

Another gravity-type dam is the Böğet Dam, also built in the second century AD and
located in the province of Aksaray [69]. The volume of water produced by the Böğet Dam is
9 hm3. The dam was built in a valley, with a width of about 250 m, that consists of limestone
rocks with volcanic tuffs [16]. With a length of 300 m, the Böğet Dam was the longest dam
structure built in Anatolia during the Roman period [16]. Parallel to the dam walls, earth
dams with a height of 1–1.5 m and a width of 10 m were built in both directions [16,23,70].
These dams were intended to prevent water from seeping under the walls. The dam was
built to obtain drinking and irrigation water [23,69]. It has been mentioned that the valley
in which the dam was built is very wide and no high walls were needed to raise the water
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to the desired level [16], so the lower height of the dam wall made it possible to build the
dam at a lower cost.

Similar to the Örükaya and Aizanoi dams, the Böğet Dam was constructed by filling
a 2.5 m wide “opus caementicium” between the main and counterfort walls to ensure
water impermeability and to strengthen the structure [16,23]. Additionally, unlike other
Anatolian dams, to prevent leakage from under the walls, earth embankments with a width
of 10 m and a height of 1 to 1.5 m were created on both the main and counterfort sides,
rising towards the dam walls [16,23,69,70]. The main wall of the Böget Dam is linear, while
the counterfort wall was constructed in a convex curve [16,71]. No spillway section in the
dam wall allows the water to be discharged from the dam [16]. In this aspect, the Böget
Dam partially differs from the Örükaya and Aizanoi dams.

During an archaeological survey of the Sanchi area in central India, a group of ancient
dams (from the second to the first centuries BC) was located. A comparison of the volume
of the dams with the estimated inflows indicates that their construction was based on
hydrological knowledge [72]. The dams in the Sanchi area are prominent and easily
identifiable archaeological features of the landscape. However, except for two dams that
have been restored, they are all in a ruinous state and show signs of breakage at points
where natural drainage channels cross the dams. The dams have not been excavated,
but they consist of an earth core, generally made of black cotton earth and reinforced
with a facing of dressed sandstone masonry, especially on the upstream side. In some
places, the facing slabs are laid horizontally; in others, the slabs are interlocked, with
most of the blocks laid parallel to the wall and the head slabs just perpendicular to the
embankment (Figure 10). The height of the dams ranges from 1 to 6 m, with the shallow
sections downstream apparently designed to prevent the dams from overtopping [73,74];
some dams are up to 60 m wide. At least two of the higher dams (7 and 12) have spillways
cut into the rock adjacent to the man-made dam [72,74].

Figure 10. Devrajpur Dam: (a) horizontally laid dam facing; and (b) interlocked stone facing (adapted
from [73]).

2.2.6. Medieval Times (ca. 476–1400 AD)

Beach and Dunning [75] studied an ancient Maya reservoir and dam at Tamarindito,
El Peten, Guatemala. The dam and reservoir probably date from the Late Classic period
(ca. 550–800 AD). Today, the reservoir or depression is an inconspicuous feature that has
been obscured by more than a thousand years of natural geomorphologic and soil processes
that have accumulated sediments and partially destroyed the dam that once impounded
the water. The dam was about 60 m long and spanned a depression that is now 3 m deep
and was intended to hold a reservoir of about 0.25 ha and up to 2000 m3 of water.

3. Water Dams in Early and Mid-Modern Times (ca. 1400–1850 AD)

It is well known that the development of civilizations during antiquity depended
on the existence of fertile soil. The inhabitants of cities founded near rivers had to build
various hydraulic structures not only to benefit from the advantages of these rivers but
also to protect themselves from floods. Dams were also built to prevent drying out during
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dry periods. The dams, which formed the starting point of the waterways, stored the
water coming from the streams. Many hydraulic structures in Anatolia were built for
this purpose.

The early and middle modern time (ca. 1400–1850 AD) in Anatolia coincides with the
Ottoman period. The hydraulic structures during the Ottoman period were built on the
Halkalı waterways, the Kırkçeşme waterways, the Taksim waterways, and the Üsküdar
waterways [76]. Among these waterways, important dams were built on the Kırkçeşme and
Taksim waterways. The purpose of these dams is to supply drinking water, and they are
concentrated in Istanbul and its surroundings. These dams can be divided into small dams
or embankments. In the Belgrad Forest of Istanbul, where the most important examples are
located, there are seven dams in total, with four in the Kırkçeşme Water Facilities and three
in the Taksim Water Facilities [77]. The dams that supply Istanbul with water are the Topuz
Dam, Büyük Dam, Ayvat (Ayvalı) Dam, and Kirazlı Dam at the Kırkçeşme waterways. The
Topuzlu Dam, Valide Dam, and Yeni Dam are located on the Taksim Waterway. None of
these dams are higher than 15 m from the ground and their reservoir volume does not
exceed 1 × 10 m3 [65]. They are also categorized as masonry and gravity dams.

The Topuz Dam is located on the Belgrad Stream in the Belgrad Forest. It was built
in 1620 [65,78]. The dam is a masonry structure with a straight axis and gravity dam. The
capacity of the reservoir is 70,000 m3. There is a simple sluiceway on the right bank [65].
The freeboard is 0.20 m and the height from the foundations is 10 m [78]. Another dam on
the Belgrad River is the Büyük Dam. The Büyük Dam is a masonry gravity dam built on a
straight axis and was built in 1748 [65]. The dam was built after the Topuz Dam and had a
larger storage capacity. The crest length of the Büyük Dam is 84.50 m and its height from
the foundations is 15 m. There is also a spillway channel on both sides of the dam, and the
freeboard is 0.22 m.

Another dam built in the Belgrad Forest region during the Ottoman era is the Topuzlu
Dam (the Sultan I. Mahmud Dam) on the Eskibağlar Stream [65]. The dam was built in 1786.
The catchment area is 0.92 km2, and the capacity of the reservoir is 160,000 m3 [78]. The
floodwater in this region is expected to flow from a maximum height of 0.18 m. Another
dam from the Ottoman period is the Ayvat Dam, which was built in 1765. The masonry
gravity dam is located on the Kağıthane Stream in Istanbul. It has a catchment area of
2 km2 and a reservoir volume of 156,000 m3 [65,78]). Its height is about 15 m. The crest
length along the polygonal axis is 65.80 m. There is a spillway on each side of the dam. The
spillways on the right and left banks divert the floodwater safely to the downstream section.
The Valide Dam is one of the oldest hydraulic structures in Istanbul. It was built in 1796 for
the water supply [70]. It is a masonry structure of the gravity dam type, whose crest and
upstream surface are clad in marble. There are two large buttresses on the downstream
side. The spillway has a wide crown and is located on the right-hand side of the dam.

Arch dams were also built during the Ottoman period. The most important example
is the Yeni Dam [65,79]. This dam is a circular masonry gravity dam with a height of about
17 m from the foundations. The storage capacity of the dam is 217,500 m3, and its catchment
area is 0.83 km2 [65]. Its storage capacity was increased by a downstream parapet. The
ratio between the length of the dam crest and the height of the Yeni Dam was six, which
was the largest ratio ever applied. The dam has a single spillway, which is located on the
left side and has the shape of an opening measuring 1 × 0.48 m2. There is also a freeboard
of 0.28 m [65].

Other significant dams include the Şamlar Dam near Küçükçekmece and the Elmalı
I Dam near Anadolu Hisarı. In Istanbul, a total of 226 water structures were built in
the 18th–19th centuries, which include seven dams, four aqueducts, one hundred and
seventy-eight fountains, twenty-eight public water fountains, two fountains with spouts,
four ornamental fountains, and three water scales [79]. The Kirazlı Dam, Yeni Dam, and
Şamlar Dam were built to provide water to the European side of İstanbul. Only the Elmalı
Dam in Beykoz is located on the Anatolian side. They have reached the present day in
their original forms [79]. Finally, most of the dams constructed during the Ottoman period
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were of the embankment type, although there were also masonry dams that were built as
straight-crested gravity or arch dams. These dams can be classified as small dams based
on their reservoir capacities, drainage areas, and dimensions. Many of these dams are still
functional today. With their ages and operational periods ranging from 140 to 400 years,
most of these small dams have forest catchment areas, which have significantly reduced
erosion, prevented the dams from filling up with transported sediments, and ensured that
the reservoirs remain free from siltation.

Between the 16th and 19th centuries, a mining industry was developed in the upper
Harz region in central Germany, with a focus on ore and silver. The mines had a large
energy demand, for which a sophisticated water management system was developed to
drive “water column machines” by converting gravitational water flow into mechanical
energy [80] and for dewatering. These machines were a huge step of innovation after the
invention of water wheels. The water column machines reached a major advancement in
the middle of the 18th century in the mining industry, before electrical engines became
available. Within the context of the so-called Upper Harz Water Regale, numerous ponds,
reservoirs, and diversion channels were constructed to store and distribute water to the
mines. Due to the uniqueness of this complex historic mining water management system,
it was declared as part of the “Mines of Rammelsberg, Historic Town of Goslar and Upper
Harz Water Management System” UNESCO World Heritage Site [81].

One of the reservoirs of this system, here presented as an example, is the Oderteich
reservoir (Figure 11). It was put in operation in 1722 to supply water to mining in St.
Andreasberg via the Rehberger Graben ditch. The Oderteich reservoir was one of the
earliest large reservoirs in Europe and for 169 years the largest reservoir in Germany with
a dam height of 20 m and a storage volume of 1.7 million m3. The degree of expansion
was relatively low (0.14), which allowed fast filling but also resulted in a frequent spill
flow. The dam was constructed with an inner dense core of granite sand surrounded by
massive cyclopean masonry. The outlet was in the middle of the dam on the ground of
a 14 m deep shaft (marked by the house in Figure 11). Unlike the predominant wooden
construction in the region, it was made from local granite. The flood spillway, seen on the
left, was protected by granite pylons against ice drift. Today, the reservoir is operated as
part of the historical Upper Harz system. While the upper part is a nature conservation
area, the lower part is used as a natural mountain swimming pool with a beach.
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4. Water Dams in Contemporary Times (1850 AD–Present)

Globally, the register of the International Commission on Large Dams shows that 70%
of large dams and their associated reservoirs (out of almost 28,000 currently in operation)
are designed for a single purpose. The four biggest dams worldwide are:
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(a) The Three Gorges Dam in China with an energy-generating capacity of 22,500 MW
and a surface area of 1.080 km2.

(b) The Guri Dam in Venezuela with an energy-generating capacity of 10.200 MW and a
surface area of 4.250 km2.

(c) The Tucurui Dam in Brazil with an energy-generating capacity of 8.370 MW and a
surface area of 3.014 km2.

(d) The Itaipu Dam in Brazil and Paraguay with an energy-generating capacity of 14.000 MW
and a surface area of 1.350 km2.

About half of the world’s single-purpose dams have been built for irrigation purposes,
followed by hydropower, water supply, and flood control. A single-purpose dam for
hydropower is more financially attractive to private investors. However, dams designed
for a single purpose are often used for multiple purposes over time. If this development is
not managed, the benefits and synergies of multi-purpose infrastructure from the outset
cannot be fully exploited [82].

Pumped storage hydropower (PSH) projects are a type of hydroelectric energy storage
that has grown in the last few years. It is a configuration of two water reservoirs at
different elevations that can generate power as water moves down from one to the other
(the discharge), passing through a turbine [83].

4.1. Greece

As mentioned above, dams have been built in various regions of the world since pre-
historic times. Dams were built in Crete, Greece, approximately 4500 years ago, mainly for
water supply. The main characteristics of these projects were the high cost of construction,
their one-dimensional use, and the relatively limited operating time.

Today, it is generally accepted, especially in the developed world, that dams should
not be built for just one purpose (irrigation and/or water supply). Instead, multi-purpose
dams are being promoted and built, combining water supply, irrigation, flood protection,
power generation, and other uses. For example, such projects have been built in Ger-
many and France that utilize 100% and 97%, respectively, of their economically usable
hydroelectric potential. However, in Greece, two-thirds of economically usable hydroelec-
tric potential has not yet been utilized. Greece is the last among EU countries regarding
the use of hydroelectric power, with, unfortunately, only 20% of consumed electricity
being hydroelectric.

The most impressive negative example is the Mesochora project, in Thessaly. The
idea for an Acheloos to Thessaly diversion project was first envisioned in the 1930s, but
lack of funding precluded construction. Interest in the project was revived in 1984 and
what was supposed to be a small dam at Mesochora apart from the diversion project was
increased in size to support river diversion. Over the next few years, a series of legal
battles led to the construction stalling, most recently in 2005. The project comprises a power
plant in Ano Acheloos with an installed capacity of 170 MW and an energy potential of
340 GWh/yr [84]. The dam was originally intended to be 60 m high, having been designed
by PPC as a hydroelectric project alone. Subsequently, however, for the river diversion
project, its height was increased to 155 m, allowing the storage of very large amounts of
water for irrigation of the Thessaly Plain in the summer months. The projected works
will also cause flooding in Mesochora, Armatoliko, and three smaller residential areas.
Following the issuing of compulsory purchase orders, compensation payments will be
decided by the courts.

Many environmental organizations are expressing concern that the dam will cause real
damage to the ecosystem. Despite seven Council of State rulings canceling the project over
the last 35 years, it has been largely completed since 2001 [85]. Although an investment of
EUR 500 million has been made since the beginning of this century, the dam has not been
put into operation, thus causing a loss of EUR 25 million/year to the national economy [84].
This completely absurd situation is a representative example of the causes that led Greece
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to the current economic crisis. It reveals the problems of exploiting the national natural
resources, sloppiness, and the lack of control of cost/reciprocal benefit.

On the contrary, a well-known example of a multi-use and high-performance dam in
Greece is the project known as Plastira Lake (with useful volume of water of 400 million m3),
which has been operating since 1962. It is a concrete arched dam in Karditsa, Greece, that
impounds the Tauropos River, creating an artificial lake called Plastira Lake. Since 1962, it
is used for water supply, irrigation, power generation (with a power unit of 129.90 MWatts),
touristic and environmental utilization, and flood protection. Other characteristics of the
lake and its basin are shown in Table 1.

Table 1. Characteristics of the Plastira lake and its basin [86].

Characteristics Value

Basin area 161.3 km2

Highest basin altitude 2140 m
Maximum designed lake level 794 m

Spill level 792 m
Minimum release level 776 m
Lake area at spill level 25 km2

Lake area at minimum release level 15 km2

Mean annual inflow 153 hm3

Mean annual inflow depth 1029 mm

The Kremasta Dam was built in 1966 and created the largest artificial lake in Greece.
In this dam, four power plants with hydro turbines with a total capacity of 437.20 MW are
installed. A large hydroelectric plant is installed on the banks of the river and has a detour
tunnel (as long as the water is not needed or threatens to flood the area) with a diameter of
12.5 m and a length of 808 m. The Kremasta Dam is 165 m high and forms an artificial lake
that can hold 3.8 km3 of water [87] as solved many of the country’s electrification problems.

Lake Alpheios is an artificial lake in Ilia, in the western Peloponnese near ancient
Olympia, which was created in 1962 on the Alpheios River after the construction of the
Flokas Dam, near the village of Flokas [88]. The dam is 315 m long and is crossed by the
Alpheios Bridge, which is 390 m long. It is made of concrete, is jumpable, and works as
an automatic spillway. It was originally built as a water reservoir for the irrigation of the
area, but, since 2010, it has been operating as a PPC hydroelectric plant with two hydro
turbines. The dam is a natural barrier for transported sediments that accumulate over time,
and thus, every 5 to 10 years, the lake is cleaned. Furthermore, to restore the link between
the fish fauna upstream and downstream of the dam, the construction of a fish passage
with a small slope and continuous water supply is planned, parallel to the hydroelectric
plant. The dam is a natural barrier to sediment that accumulates over time, and the lake
must be cleaned. It is precisely this accumulation that has resulted in the loss of at least
150 m of land from the beach over the years, because the sea destroyed the land and the
river could not effectively make up for the ground lost. Thus, in addition to land, many
houses along the wider beach nearby were lost.

In 1922, with the huge influx of refugees from Asia Minor, Athens (the capital of Greece)
had a sharp increase in population with a devastating effect on its water consumption. In
1925, a contract was signed between the Greek Government, the Bank of Athens, and the
American firm ULEN for the financing and construction of new water supply works. The
first major project was the construction of the Marathon Dam (1926–1929). Over 900 people
were involved in the construction of a dam, with a total height of 54 m and a length of
285 m, that is considered unique because it is entirely paneled externally with Pentelikon
white marble [89]. The Boyati Tunnel (13.4 km long, 2.6 m wide, and 2.1 m high) was
constructed to transport water from the Marathon Dam to a new water treatment plant
in Athens.
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Thereafter, in 1956, the water from the Yliki Lake was added to the system, and, in
1981, the operation of the Mornos Dam and aqueduct officially began. The Mornos Dam is
one of the highest earth dams in Europe with a height of 126 m. The Mornos aqueduct, with
a total length of 188 km, transports water from the Mornos reservoir to Athens and is the
second longest aqueduct in Europe. It is made up of 15 tunnels (71 km) of 3.2 m diameter,
12 siphons (7 km), and 15 canals (110 km). It was also the first time that Tunnel Boring
Machines (TBMs) were used in Greece. Finally, the last major project, which provided
Athens with additional water in 2001, is the Evinos River Dam, also including a diversion
tunnel for the river water [89,90]. Work on the Evinos project began in 1992 and was
completed in 2001. The major structures of the project are a 120 m high earth-fill dam with
a reservoir volume of 12 million m3, a total barrage capacity of 120 million m3, and 29.4 km
of length from Evinos to Mornos [90]. The tunnel, constructed with the TBM method is
one of the longest hydraulic tunnels in the world. The adverse geological conditions, the
high cover, and the short construction schedule were a great challenge for the successful
construction of this tunnel [91]. The tunnel was completed in just two years, which is
considered to be a significant achievement. This major water supply project is shown
in Figure 12.
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4.2. China

The most important multi-purpose dam in the world is the “Three Gorges Dam” in
China, one of the largest infrastructure projects in modern China (Figure 13). Construction
of this massive structure began in 1994, and most of the work was completed by 2006.
However, interest in the project dates back several decades. The American engineer J.
L. Savage, who had played an important role in the building of the Hoover Dam, was
working on preliminary designs for a large dam on the Yangtze River (Chang Jiang) in the
mid-1940s before the Communist Party took control of mainland China in 1949. Planning
for the existing structure began in the 1980s and the construction began following approval
by the National People’s Congress in 1992. The Three Gorges Dam was built as a linear
concrete gravity structure. A trestle and crane method, similar to that used in the 1930s for
the Grand Coulee Dam on the Columbia River in the northwestern United States, was used
to transport and pour the concrete [92].
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The Three Gorges Dam is 2335 m long with a maximum height of 185 m. Its con-
struction involved 28 million m3 of concrete and 463,000 tons of steel. When it was fully
commissioned in 2012, the dam’s hydropower plant had the largest power generation
capacity in the world at 22,500 megawatts. The reservoir dammed by the dam extends
more than 600 km up the Yangtze. The length of the dam crest is 2039.50 m. The useful
volume is 39,300 million m3, of which 21,100 million m3 is intended for flood protection for
around 15 million inhabitants [92].

The Three Gorges Dam is a multi-purpose project. It is primarily a hydroelectric dam
on the Yangtze River in the Sandouping District of Yichang City (Yiling Province, Hebei
Province, China). In terms of its installed capacity, it is the largest power plant in the world.
The dam is also intended to promote tourism in the area, increase the carrying capacity
of the Yangtze River, and prevent flooding. Large wind turbines were also designed to
limit greenhouse gas emissions. The dam has improved navigation for transportation and
tourism purposes [93]. A transportation hub was established in the city of Chongqing, from
which up to 10,000 tons are currently transported to Yichan. The ship lift can transport
3000 tons (with a total lifting capacity of 11,800 tons) of total cargo in one direction in
40 min.

The Three Gorges hydropower plant on the Yangtze River in China generated 112 TWh
in 2020, a new world record. The clean energy generated by the Three Gorges Hydropower
Plant in 2020 is estimated to be equivalent to saving about 34.39 million tons of standard
coal and avoiding carbon dioxide emissions of 94.02 million tons [94].

The volume of concrete used was 5500 million m3. On the negative side, archaeo-
logical and cultural sites disappeared, about 1.90 million people were displaced (13 cities,
140 small towns, and 1350 villages), and significant ecological changes occurred, including
an increased risk of landslides [93].

The cost of the Three Gorges Dam reached RMB 180 billion (EUR 17.3 billion). By the
end of 2008, expenditure amounted to around RMB 148 million, of which around EUR
9 million was spent on construction, EUR 8 million on the resettlement of residents, and
EUR 2 million on other financing (expropriations, studies, etc.). It is estimated that the
construction costs will be recouped once the power plant has generated around 1000 billion
kWh of electricity, which corresponds to around EUR 35.7 billion [93]. Full cost recovery is
expected after ten years of full operation.

4.3. Türkiye

With the increase in population and the development of industry over time in the
world, the need to benefit more from rivers or water resources has arisen. Therefore, it is of
great importance to protect the existing water resources under the changing climate condi-
tions. Dams are one of the most important structures that serve this purpose. Before the
establishment of the Republic of Türkiye, dams were built as small dams. The construction
of large dams started after establishement of the Republic.
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Nowadays, Türkiye consists of 25 river basins [95], and the rivers have a potential
for hydroelectric power generation due to their steep slopes. In 1991, the number of
dams constructed in Türkiye amounted to 150, and by 2016 that figure had increased
to 694 (Figure 14) [96]. Today, the number of dams in Türkiye is 861 [95]). With a total
hydropower potential of 440 billion kWh per year, Türkiye can also generate an amount of
energy equivalent to 1% of the world’s and 10% of Europe’s energy [17].
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Figure 14. Number of dams in 2016 [97].

Türkiye made a significant contribution to hydraulic engineering by undertaking impor-
tant projects on a global scale. Türkiye’s surface water potential is 185 billion m3/yr, a third of
which comes from karst springs. The groundwater capacity is around 8 billion m3/year [17].
However, this potential is not evenly distributed across the country. Only half of the surface
water potential is currently being used. Therefore, hundreds of small hydropower plants and
dams are in the planning, design, construction, and operation phases.

The first studies on a more efficient and effective utilization of water resources in the
Republic of Türkiye began in the era of Mustafa Kemal Atatürk, and the first dam built was
the Çubuk Dam, which was built in 1930 to supply Ankara with drinking water [98,99].
The annual precipitation in this region, which falls as rain and snow, averages around
250 mm [93]. The catchment area of the Çubuk Dam is not very precipitous and has an
area of 700 km2. The dam is of the embankment type with a concrete core. It has a height
of 250 m from the foundations and a capacity of 5.6 hm3 [99]. The Çubuk Valley is covered
with dense alluvial soil and has a rocky geological structure consisting mainly of andesite
rocks, which are generally not very hard. Originally, the Çubuk Dam was planned to be
built with stone and masonry construction methods [69]. However, since there was no
rocky ground with a sufficient hardness and resistance in the Çubuk Valley and it was not
possible to obtain solid stones from nearby quarries for construction, as well as the high
cost of transporting stones from distant quarries, it was decided to build the Çubuk Dam
with concrete [100,101]. Cement was injected to seal the cracks in the rocks. In addition,
holes were drilled into the rock with hammer drills at a depth of 0.60 to 8 m and air pipes
were inserted [101]. The rocky bottom was then covered with concrete consisting of an
aggregate of water-soaked pebbles.

Türkiye’s largest dams are the Atatürk Dam, the Keban Dam, the Ilısu Dam, the
Karakaya Dam, the Hirfanlı Dam, and the Altınkaya Dam. Among the dams in Türkiye, the
Atatürk Dam has a lake that covers an area of 817 km2, the Keban Dam 675 km2, the Ilısu
Dam 313 km2, the Karakaya Dam 268 km2, the Hirfanlı Dam 263 km2, and the Altınkaya
Dam 118 km2 [95]. The Atatürk Dam was built between 1983 and 1992 for energy and
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irrigation purposes [102]. In terms of dam volume, the Atatürk Dam is in the first dozen in
Türkiye with a volume of 84.5 million m3, placing it among the top 10 in the world. The
geology of the dam has different geological and tectonic formations along the riverbed.
The region is crisscrossed by different fracture systems, including significant faults that cut
diagonally across the river. The Atatürk Dam was built on limestone: bituminous, mainly
intermediate limestone and dolomitic limestone [103]. The completion of the dam created
the Atatürk reservoir, the third largest lake in Türkiye. The dam has eight turbines with an
installed capacity of 2400 MW (8 × 300 MW). The height of the Atatürk Dam is 169 m and
it is a rock-fill dam with a volume of 84.5 million m3 [102,103]. The outer surface consists
of rock, clay, and earth. Due to the pressure of the reservoir, its height was reduced by 10 m
during the original construction. The dam ranks fifth among the dams built worldwide.
The minimum water level is 513 m, the ideal water level is 526 m, and the maximum is
542 m [102,104]. The dam requires a minimum depth of 133 m to generate electricity. It has
a length of 1644 m and a width of 15 m [104].

The Atatürk Dam is considered the sixth largest dam in the world in terms of fill
volume [103,104]. It is also the largest dam in Türkiye. The Atatürk Dam was built on the
Euphrates River. It has a catchment area of 817 km2 [105]. The Euphrates has the largest
catchment area in Türkiye. In this region, as the winter precipitation falls in the form of
snow, the flow rate is 200 m3/s. Due to rainfall and snowmelt, the flow rate rises rapidly in
spring and reaches 2000 m3/s [106]. The water level, which begins to fall in July, reaches its
lowest level in September–October. The flow of the Euphrates is irregular. The fill rate of
the Atatürk Dam is shown in Figure 15.
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Figure 15. Atatürk Dam fill rate year by year [107].

The Atatürk Dam has six spillways, each of which is controlled by 16 × 17 m2 radial
gates [108]. The maximum discharge is 16,800 m3/s [108]. Three diversion tunnels with
a total length of 4090 m are located on the left bank of the river, each with a discharge
capacity of 2100 m3/s [108]. Each group has eight turbine generators with a capacity of
300 megawatts each [104,109]. Despite being a rock-fill dam, the Atatürk Dam used a total
of 2,875,000 m3 of concrete in various units [103]. These structures include spillways, water
intake structures, pressure tunnels, hydropower plants, diversion tunnels, and injection
galleries. Its contribution to the country’s economy amounts to around 5.5 billion $, and it
can supply 20% of the hydroelectric energy generated in Türkiye [102].

The Keban Dam is the third largest dam in Türkiye after the Atatürk and Karakaya
dams and was built as a rock-fill and concrete gravity dam. It was built between 1965 and
1975 at the narrow and deep mouth of the Euphrates River to generate electricity [110].
The dam has a foundation height of 210 m, a crest length of 1125 m, a filling volume of
15.5 million m3, and a concrete volume of 1.24 million m3 [106,111]. The reservoir has a
volume of 30.6 billion m3 and covers an area of 675 km2 [112]. The Keban reservoir, the
fourth largest lake in Türkiye, was created after the completion of the dam. The maximum
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water level is 845 m, the minimum operating level is 813 m, the normal lake volume is
31 billion m3, and the dead lake volume is 14 billion m3 [113,114]. The Keban Dam was
built in a gorge with karstic morphology at the point where Permian and Carboniferous
schists and marble come together. The faults and fractures created by tectonic movements
have accelerated karstification, connecting the marbles and creating a highly effective
porosity environment suitable for water flow in all directions [101,104]. In the valleys of
the Euphrates and Keban rivers, there are water leakages, cave openings, and various
forms of karst cavities on the surface of the massive marble. To prevent water leakage from
the Keban Dam reservoir, injection reinforcement and drainage drilling were carried out.
Despite these efforts, when the dam started impounding on November 4, 1973, the pressure
of the water volume on the ground reactivated the paleokarstic pathways, resulting in
water leaks in the form of vortices and whirlpools on the lake’s surface [104]. The escaping
water from the lake appeared as a river in the Keban Stream and as large springs in the
downstream area of the dam. This water leakage problem was also faced in 1974, 1975, and
1976 [104]. The dam has eight units with a total installed capacity of 1330 MW, producing
6 billion kWh of electricity annually [106,110]. The Keban Dam and Hydroelectric Power
Plant were among Türkiye’s first major energy investments. When established, it supplied
20% of the electricity produced in Türkiye; however, as of 2020, it meets only 1.8% of the
total electricity consumed due to the increased overall electricity production [115]. The
amount of water in the Keban Dam reservoir has decreased in recent years (Figure 16).
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Figure 16. Keban Dam fill rate year by year [107].

The Keban Dam stands as an important example of the relationship between earth-
quakes and karstic water pathways. Located in a second-degree earthquake zone, the dam
area has experienced moderate earthquakes from its construction to the present day. Thus,
studying the relationship between rainfall, karst morphology, water leaks, and seismic
activity has contributed valuable experiences to the literature [104].

The Ilısu Dam and Hydroelectric Power Plant Project (the Ilısu Project) is the largest
dam on the Tigris River (Batman Governorate, 2023). The construction purpose of this
dam is to produce energy, to control floods, and for irrigation [116]. Ranking as the fourth
largest dam in Türkiye and the second largest dam in terms of fill volume, the Ilısu Dam
is a concrete-faced rock-fill dam, making it the largest of its kind in the world in terms
of fill volume and dam length with a foundation height of 135 m and a crest length of
1820 m [116–118]. The maximum water level of the dam is 525 m, and its total body volume
is 23.9 million m3 [117]. The reservoir covers an area of 313 km2 and has a storage volume
of 10.6 billion m3 [117,118]. With a 10.6 billion m3 storage capacity, the Ilısu Dam ranks as
the third largest in Türkiye after the Atatürk and Keban dams [117]. The installed capacity
of the Ilısu Dam is 1200 MW, and it is estimated to generate a total energy of 4.12 billion
kWh [116]. With this capacity, the electricity generated by the Ilısu Dam will constitute 10%
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of the total hydroelectric energy produced in Türkiye. In addition to electricity generation,
the water stored in the Ilısu Dam will be used for irrigation.

Another important dam for Türkiye is the Yusufeli Dam, which is the highest dam
in Türkiye and the fifth highest dam in the world, consisting of a double-curved concrete
arch [119]. The dam has a foundation height of 275 m and a crest length of 490 m [120].
The Yusufeli Dam has a storage capacity of 2.2 billion m3, and the spillway structure on the
dam body is designed as a common type with three openings. The water flowing from the
triple spillway with a discharge capacity of 2940 m3/s is collected in the energy dissipation
reservoir (EDP). The main purpose of the dam is power generation with a planned installed
capacity of 558 MW [114]. In recent years, a movement has started in underground dam
construction in Türkiye [121].

4.4. Egypt

Ancient dams in Egypt, as mentioned above, were built as earth-fill dams. Modern
dams and barrages were built in Egypt first in masonry and then recently in concrete as
described below.

More than 100 years ago (in 1903), the Assiut Barrage Dam was built to provide water
for the Ibrahimiya Canal, the largest irrigation canal in Egypt. This comes about through
the diversion of river water into the canal during the low water season. The barrage is a
gravity dam consisting of around 95,000 m3 of concrete, 64,600 m3 of masonry, 1,824,000 m3

of earthwork, 95,000 m3 of pitching, and more than 4000 tons of pipes made from cast
iron [122].

The Delta Barrage was used for controlling irrigation and navigation processes in the
two branches of the Nile River downstream of the Nile division, north of the Egyptian
capital, Cairo (Figure 17). The barrage is a gravity-type dam. Its construction started in
1833 and continued for 30 years. Its purpose was to improve irrigation and navigation
along the main Rosetta and Damietta branches of the Nile downstream of the point where
they divide north of Cairo, Egypt. However, during this long period of construction, a
problem, perhaps caused by the foundations, affected its quality. Thus, its main irrigation
purpose had to be largely restricted for safety reasons [123].
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Figure 17. Delta Barrage in Cairo.

One example of rehabilitation is the Aswan Dam in Egypt, where the hydropower
stations are being renovated after a long period of use. Over the decades, the machines in
these power plants have been stressed by frequent starts and stops due to peak and medium
loads. Important components are now obsolete, resulting in a loss of environmentally
friendly power generation. As a result, the Aswan hydropower plants have been gradually
refurbished in recent years [124]. The earliest recorded attempt to build a dam near Aswan
dates to the 11th century and is attributed to the Arab polymath and engineer Ibn al-
Haytham (known in the West as Alhazen)
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Aswan Low Dam (1898–1902): The history of modern water management in Egypt
begins with the construction of the old Aswan Dam in 1902 and the barrages on the Nile
in the 19th and early 20th centuries. The old Aswan Dam partially stored the water of the
Nile to enable the cultivation of several crops per year in the Nile delta, while the barrages
raised the water level of the Nile so that the water could be diverted into large irrigation
canals running parallel to the river. The Aswan Low Dam is a masonry gravity dam on the
Nile in Aswan, Egypt. The dam was built at the first waterfall of the Nile and is located
690 km south–southeast of Cairo (Figure 18). It was originally built between 1899 and 1902.
It was the largest masonry dam in the world. The dam was designed to store the annual
floodwater and supplement the dry season runoff to support irrigation development and
population growth in the upper part of Egypt. The dam, which was originally limited
in height for conservation reasons, functioned as planned but did not provide sufficient
storage capacity for the planned development. The dam was raised twice, in 1907–1912 and
1929–1933, to become 5 and 10 m higher, respectively. These increases were still insufficient
to meet irrigation needs, and the dam was nearly overtopped despite efforts to maximize
the basin height [125].
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Aswan High Dam (1954–1960): The storage capacity of the lake is 162 km3 [126]. The
Aswan High Dam has had a significant impact on the economy and culture in Egypt. The
most important impact is that it has transformed the highly fluctuating annual flow of the
Nile into a predictable source with a constant supply. A view of the High Aswan Dam can
be seen in Figure 19.
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The Aswan High Dam is of enormous benefit to the Egyptian economy. For the first
time in history, the annual flooding of the Nile can be controlled by human hands. The
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dam impounds floodwaters and releases them when needed to maximize the benefits to
irrigated land, to irrigate hundreds of thousands of new farmlands, to improve navigation
above and below Aswan, and to generate enormous amounts of electrical power (the dam’s
12 turbines can generate 10 billion kWh/year). The reservoir, which has a depth of 90 m
and an average width of 22 km, supports the fishing industry.

4.5. Other Examples

The Diamer Bhasha Dam is a multi-purpose mega-dam project to be developed in
Pakistan. It will be located with a huge reservoir on the Indus River in the district of Diamer
in the Gilgit-Baltistan province of Pakistan, about 315 km upstream of the Tarbela Dam,
165 km downstream of the Northern Area capital Gilgit, and 40 km downstream of the city
of Chilas. This dam is the largest dam project ever undertaken in Pakistan. With a height of
272 m, it is also set to become one of the highest dams in the world. The method used for
the construction of the Diamer Bhasha Dam is the Gabarband and Khushkaba system. The
dam is the tallest roller-compacted concrete dam in the world. The proposed dam would
have a reservoir of about 9.25 billion m3, with a live storage of more than 7.89 billion m3.
The average annual discharge of the Indus River at this location is 62 billion m3. The dam
will thus impound 15% of the annual flow. The dam project will cover an area of 110 km2

and extend 100 km upstream of the dam to the Raikot Bridge on the Karakoram Highway
(Figure 20). The main outcomes of the dam are the availability of annual surface storage
to supplement irrigation supply during periods of low runoff, energy resources, reduced
dependence on thermal energy and hence foreign exchange savings, and job creation,
especially for local people, during its construction and operation [127,128].
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5. Emerging Trends and Challenges of Water Dams
5.1. Emergence of Mathematical Models in the Design and Operation of Dams

Dam construction is one of the most remarkable fields that needs knowledge in the
field of design, operation, maintenance, and rehabilitation. The first published attempts to
apply engineering methods were concerned with estimating the required storage volume
of a dam. Rippl [129] determined the capacity of the reservoir for a proposed dam site
using a simple mathematical method called the mass curve. It is based on the maximum
positive cumulative difference between a sequence of pre-desired dam releases (demands)
and inflows [130]. Although the mass curve is a simple concept, it is still used as the
method applied in water engineering handbooks (e.g., [130]) and the literature (e.g., [131]).
Gradually, optimization methods, which had been introduced in the mathematical field,
were applied to dam design to determine the best option within a defined set of possibilities.
Hall and Buras [132] introduced Dynamic Programming (DP) to the field of water resources.
Hall and Howell [133] first used DP to determine the optimal size of a reservoir considering
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carryover storage for consumptive use. Parallel to dam design methods, engineers have
been formulating more precise operational policies to store and release water at the best
time and in the most efficient amount. The Standard Operational Policy (SOP) is the first
simple method that was used as the main policy for many dams. In this policy, the SOP
guides the operator/s to release available water as much as demand/s and if extra water
would be stored in the dam. However, the SOP is a very simple strategy, because it releases
water based on current available water and there is no overview of the time horizon and
future. It can, therefore, lead to significant system failures in water supply and increase
vulnerability. To overcome the SOP disadvantage, Loucks [134] proposed a linear decision
rule (LDR) in which the release was a function of the volume of stored water and the
inflow. To determine the best LDR, the chance constraints method was applied, which
confirmed the potential of optimization to find efficient and precise solutions compared
to those methods just based on the simulation. Later, Nayak and Arora [135] applied a
modification of the original LDR in the Minnesota River basin. More recently, hedging
strategies have been developed and used in response to climate change, droughts, and
water scarcity, which place greater constraints on water supply from water resources in
general and on inflows to dams in particular. Hedging in reservoir operations means
storing water in the dam from immediately beneficial deliveries to reduce future impacts.
The hedging policy is still applied in the case of water shortages in reservoirs. During
the 20th century, general policies and standards of water supply have been improved,
which have directly affected the development of the design and operation of dams. In
the USA, the Water Resources Council’s Principles and Standards (1973) established two
equally important objectives for federal water resources projects: (1) national economic
development, and (2) environmental quality [136]. Therefore, studies have considered other
aspects of dam design and operation in addition to meeting the dam’s purpose. Nowadays,
comprehensive methods are available for determining dam volumes, based not only on the
desired reservoir release but that also consider a trade-off between multiple criteria and
environmental factors.

5.2. Balancing Benefits with Potential Negative Impacts

Optimal strategies for the development of water resources are an important prereq-
uisite for socio-economic development. Because of the increasing demand for energy,
especially in many developing countries, dams and reservoirs are still necessary structures.
The construction of dams changes the environment, which may have a negative impact. In
most cases, the impacts are positive: flood control, irrigation, water supply, power genera-
tion, infrastructure improvement, deforestation reduction, recreation, fisheries, and many
secondary benefits. Some negative impacts cannot be avoided: population displacement;
the flooding of arable land and historical and cultural monuments; impact on the survival
of endemic species and migratory fish; the degradation of aquifers; and the possibility of
triggering seismicity, collapses, and similar events [11].

An important question is how to maintain a balance between the need for development
and the preservation of the environment. Optimal environmental protection requires
a multidisciplinary approach involving the close cooperation of a broad spectrum of
geologists, civil engineers, biologists, chemists, hydrologists, hydrogeologists, archeologists,
sociologists, and many others. The aim is to identify the decisive parameters that define
the causes and consequences of human activities (in the dam construction) and the effects
on the environment (such as cause–effect relationships); for example, a recent study deals
with the cooling/warming potential impact of dams, developing a data-based predictive
and diagnostic tool [137]. The criteria for determining environmental protection and
regulatory procedures are important elements in this process [11]. It has become necessary
before and during the design preparation of such hydro-structural projects to carefully
study their impact on the surrounding environment, including all flora and fauna. It
also includes the impact of projects on neighboring countries. This study should be done
through what is called environmental impact assessment and risk assessment. In addition
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to known environmental aspects, there is a socio-economic one, which impacts people’s
properties, traditions, and businesses. The effect of dams and their reservoirs on these
issues is indisputable, including land flooding to form the reservoir, people relocation, and
interruptions to the aquatic life and water flow [138]. Many problems were faced in the
past due to ignoring such studies. For instance, in Egypt, due to the construction of the
High Dam, the sediments of the Nile were held back and the land missed the fertilizing silt.
In addition, many Nubian villages were dispersed under Nasser, a lake generated by the
dam for water storage, and they were relocated to the north of the Aswan governate. For
the Three Gorges Dam, its construction and operation led to the relocation of more than
one million people and many cities and villages under the Yangtze water. Another dam
in China, called the Xiluodu Dam, displaced around 180,000 people from their land [138].
Even recently, in some ongoing dam construction projects such as the Renaissance Dam
in Ethiopia, studies showed many problems related to the dam construction, such as
environmental aspects and the impact on the downstream countries [139,140].

An example of dam construction with catastrophic effects for the environment and
local economy is the Gotvand Dam in the north of the Khuzestan province in southwest
Iran, built on the Karun River, the largest river of Iran with an average annual discharge of
12 billion cubic meters. Studies for this dam began in the 1960s, and the dam was finished
in 2012. With a height of 185 m, this dam is the highest earth-fill dam in the Middle East.
It currently has an installed capacity of 1000 MW with another 1000 MW in the works for
a second phase. According to previous investigations, its water salinity in the absence of
remedial action could be hazardous and even critical, since an oversaturated layer could
form in the bottom of the reservoir. The building of the dam at this site was, therefore,
controversial, because of the abundant presence of rock salt in the formations below the
future reservoir. The salinity in the dam reservoir has now dissolved over 66 million
tons of salt, and salinity has risen locally to over 200 g/L, threatening the agriculture and
environment downstream of the dam [141].

Dam designers should learn from dam accidents. The cases of Malpasset Dam (France)
and Vajont Dam (Italy) are typical examples, among many others. The Malpasset Dam (near
Fréjus, France) was a double-curvature dam. The sudden failure of the dam (2 December
1959), which was due to deficiencies in geological investigation prior to its construction,
caused the death of 421 people. The Vajont Dam (Italy) is a very tall double-curved arch
dam. On the night of 9 October 1963, a massive rockslide occurred, waves of water reached
over the dam, and very deep and fast-moving flood waters caused a high number of
fatalities (more than 2000 people died and many more were injured). Vajont highlights the
need for a thorough geotechnical investigation during dam design, especially reservoir
slope stability analyses. This tragic event shows the complexity of dam design, operation,
and maintenance, which goes beyond the safety of the dam itself.

The construction of large dams and reservoirs in highly developed karst is particularly
sensitive and complex, as most of the water may escape through the underground karst
channels. The impact of dams on the karst environment can be unpredictable, rapid, and
unique. Similar situations are rarely, if ever, repeated. “Expecting the unexpected” should
always be kept in mind as a basic philosophy for the construction of dams in karst. The
main goals of the proper planning of water resource systems in karst areas are to minimize
negative and to maximize positive environmental impacts by keeping water on the surface
as much as possible [11]. Dried-up reservoirs or reservoirs with unacceptably high leakage
are common in many karst areas of the world: the Hales Bar Dam (USA), Montejaque
(Spain), Vrtac (Montenegro), Lar (Iran), May (Türkiye), Perdika (Greece), Wolf Creek (USA),
Apa (Türkiye), and many others. A distinctive example is the Montejaque Dam in Spain.

The Nova Kakhovka Dam was built on the Dnipro River, Kherson Oblast, in southern
Ukraine. The Secretary-General of the United Nations, Antonio Guterres, condemned the
destruction of the Nova Kakhovka Dam, calling it a “monumental humanitarian, economic
and environmental disaster” and “another example of the terrible human cost of war”. The
intact dam is shown in Figure 21. It was built in 1956 on the Dnipro River as part of the
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Nova Kakhovka hydropower plant. It was 30 m high and 3.2 km long and had a capacity
of 18 billion m3. It supplied large parts of southeastern Ukraine and the Crimean Peninsula,
which was annexed to Russia in 2014, with water [142]. The reservoir of the dam also
supplied water for the necessary cooling of the six reactors of the Zaporizhzhia Nuclear
Power Plant (ZNPP), the largest plant of its kind in Europe. Many fuel and emergency
diesel generators had to be used repeatedly when the external power supply failed [143]. It
is unclear what exactly destroyed the dam, but, from images broadcast from the scene, it
appears that an explosion blew up a large section of the structure.
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5.3. Shaping Future Multi-Purpose Dams

Dams affect the environment and climate and simultaneously undergo their impact in a
continuous interaction that defines the dams’ function, efficiency, and sustainability, as well
as the potential socio-economic impacts [144–146]. In the future, projected increases in the
frequency of extreme weather events (e.g., droughts, extreme temperatures, and floods) can
threaten the operation and safety of dams, stressing the need for an in-depth understanding
of the mechanisms/processes behind the potential impacts, as well as proposals for the
necessary adjustments needed in the design, construction, and management of dams. The
negative potential impact of the climate on certain properties of dams has been highlighted,
such as on the concrete (e.g., its compressive strength, elastic modulus, and shrinkage
deformation), as well as changes in the overall water-supply capacity, mainly arising from
changes in the frequency and characteristics of the temperature and precipitation patterns.
There are also other issues for the planning, operation, and management of different
types of dams, such as changes in dam capacity as a result of aging, damage, and/or
sediment accumulation [147], which should also be incorporated in the risk assessment
and management of dams [148]. Thus, reassessments of the potential risks are required to
preserve future dam operation. From the opposite perspective, direct or indirect impacts are
expected from the operation of dams on the local microclimate and the surrounding area,
mainly due to changes in the thermal properties, radiation balance, and heat balance of the
area [144], as well as due to changes in the biochemical processes in the soil–water–plant–
atmosphere matrix. From these points of view, regional or national legislation and policy
should be explored and adjusted accordingly, as mentioned above, to address arising issues
and threats to humans and ecosystems, by focusing on proper infrastructure management,
water supply management, water monitoring, and the prevention and/or mitigation of
future floods, as well as on the impacts on the surrounding ecosystems, their services, and
the environmental and climate footprints.

Recently, water infrastructure is increasingly used for more than one purpose; hence,
the term multi-purpose water infrastructure (MPWI) has emerged. In the future, multi-
purpose dams may be implemented, combining storing and supplying water for irrigation,
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industry, or human consumption; flood control; power generation and power storage;
navigation; water regulation; environmental releases; and recreational purposes. Multi-
purpose water infrastructure includes all constructed water systems, including dams, dikes,
reservoirs, and associated irrigation canals and water supply networks, which can be
used for more than one purpose for economic, social, and environmental activities. There
are more than 8000 large MPWI systems worldwide, as well as a significant number of
systems that are operated as multi-purpose facilities, although they were designed for
single-purpose use [82].

A good example of a dam with multiple use is the Three Gorges Dam, which was
referred to above. The main objective of the dam is to supply water for the largest hy-
droelectric plant in the world and to help control the devastating floods that plague the
lowlands downstream from the dam. With its installed capacity (22,500 MW), the Three
Gorges Dam generates 95 ± 20 TWh of electricity per year on average, depending on the
amount of precipitation in the river basin. Furthermore, by providing flood storage space,
the dam reduces the potential for flooding downstream, which historically plagued the
Yangtze Plain. In addition, erosion is low because the flow is slower above the dam, so
much of this sediment settles there instead of flowing downstream; as a result, there is
less sediment downstream [149]. The environment in the area is, therefore, improved and
protected. The environmental flows program of the Three Gorges Dam can serve as a
precedent for the re-operation of other dams in China—the country with the most dams
in the world. Furthermore, Chinese companies and investors have achieved substantial
market shares in the construction of hydropower dams around the world. A high-profile
example of dam management for environmental objectives could influence how dams are
planned, designed, and operated in other countries [150] The installation of ship locks
is intended to increase river shipping from 10 million to 100 million tons annually; as a
result, transportation costs will be cut between 30 and 37%. Shipping will become safer
since the gorges are notoriously dangerous to navigate. There are two series of ship locks
installed near the dam. Each of them is made up of five stages, with a transit time of
around four hours [151]. Finally, water supply, irrigation, and touristic and navigational
uses highly increased.

In Greece, a project was planned, studied, and built in Almyros Iraklion in Crete.
It was assumed that by raising the existing dam to 20–25 m, a complete separation of
saline water and freshwater could be achieved in the total supply of the Almyros spring,
which is between 0.3 and 9.0 million m3/d. Even if the separation was not fully achieved,
the utilization of the waterfall created for power generation could likely amortize the
construction costs of the project [152]. The project will also be used for irrigation and
water supply to the northern villages of central Crete. In another recent research study, the
possibility of installing floating photovoltaics in the existing water reservoirs in the island
of Crete was investigated. It was estimated that floating panels could cover from 2.57 to
7.72% of the island’s annual electricity consumption, based on 2018 data [153].

For countries of the European Union (EU) and in many parts of the world, the available
technically feasible potential for the development of hydroelectric power is much greater
than the actual production, as shown in Figure 22 In many EU countries, 100% of their
hydroelectric potential is used. However, Greece remains almost the last country when the
different countries are compared. The percentage of the potential hydroelectric capacity in
the country is estimated to be 65% and, of this, only one-third is used. Many countries in
Africa, South America, China, India, and Russia, are still not using yet their full potential
hydroelectric capacities, as shown in Figure 22.



Water 2024, 16, 1889 32 of 41

Water 2024, 16, x FOR PEER REVIEW 33 of 42 
 

 

the proponents and opponents of such projects, highlighting, on the one hand, a substan-
tial overlap in articulated values and knowledge, such as valuing human life, material 
livelihood, and well-being, and, on the other hand, an extreme power imbalance in many 
cases between growth-focused governments and profit-focused corporations and people 
that claim to be adversely affected (focusing mostly on environmental issues) [154]. The 
study concludes that, in such cases, it is common that democratic processes and justice are 
overlooked during the decision-making processes for the benefit of the former entities, 
causing significant ethical issues and obstructing transformative change [154]. Apart from 
the local perspective, dams may be part of a broader water resources management frame-
work involving different areas, regions, or even countries, being in many cases a source 
of conflict between users and governments [155,156].  

Achievements in various technologies, such as artificial intelligence, machine learn-
ing, geographic information systems, remote sensing, and drone technology, could be 
valid tools during the decision-making, planning, construction, evaluation, and manage-
ment of future dams. However, there are issues and challenges that need to be addressed. 
Some of them are analyzed in a recent study focusing on dam engineering projects [157]. 
In this study, the advancements and merging trends in technology, such as the virtual 
cloud, augmented reality, smart robotics, and 3D/4D printing, are highlighted in the con-
text of future research and development [157]. Another example comes from Korea, in-
cluding the development of a digital twin dam and watershed management platform, 
based on real-time data and simulation models, as presented above. The platform incor-
porates GIS-based geospatial data, artificial intelligence technology, a geotechnical safety 
evaluation module, and advanced monitoring by drones for dams and rivers to support 
decision-making and the optimum and smart dam/water management [158].  

Taken together, the decision-making processes, planning, construction, operation, 
and management of future dams presuppose a deeper understanding by the scientific 
community, policymakers, and stakeholders of the complex dam–climate–environment–
economy–society nexus, including political initiatives and the use of advances in technol-
ogy. This can provide sophisticated dam and water management and the settlement of 
potential conflicts between interested parties, as well as necessary adjustments not only at 
a technical level but also at legislative and socio-economic levels in the context of the safe 
and sustainable operation and use of future dams.  

 
Figure 22. Produced and expected hydroelectric power in the world [138]. 

6. Rehabilitation of Dams 

Figure 22. Produced and expected hydroelectric power in the world [138].

Current and future dams face challenges in the domain of how these infrastructures
can be fairly judged and evaluated in the context of potential benefits and impacts for the
dependent local communities. A recent study has discussed a profound conflict between
the proponents and opponents of such projects, highlighting, on the one hand, a substan-
tial overlap in articulated values and knowledge, such as valuing human life, material
livelihood, and well-being, and, on the other hand, an extreme power imbalance in many
cases between growth-focused governments and profit-focused corporations and people
that claim to be adversely affected (focusing mostly on environmental issues) [154]. The
study concludes that, in such cases, it is common that democratic processes and justice
are overlooked during the decision-making processes for the benefit of the former entities,
causing significant ethical issues and obstructing transformative change [154]. Apart from
the local perspective, dams may be part of a broader water resources management frame-
work involving different areas, regions, or even countries, being in many cases a source of
conflict between users and governments [155,156].

Achievements in various technologies, such as artificial intelligence, machine learning,
geographic information systems, remote sensing, and drone technology, could be valid
tools during the decision-making, planning, construction, evaluation, and management of
future dams. However, there are issues and challenges that need to be addressed. Some
of them are analyzed in a recent study focusing on dam engineering projects [157]. In
this study, the advancements and merging trends in technology, such as the virtual cloud,
augmented reality, smart robotics, and 3D/4D printing, are highlighted in the context of
future research and development [157]. Another example comes from Korea, including the
development of a digital twin dam and watershed management platform, based on real-
time data and simulation models, as presented above. The platform incorporates GIS-based
geospatial data, artificial intelligence technology, a geotechnical safety evaluation module,
and advanced monitoring by drones for dams and rivers to support decision-making and
the optimum and smart dam/water management [158].

Taken together, the decision-making processes, planning, construction, operation,
and management of future dams presuppose a deeper understanding by the scientific
community, policymakers, and stakeholders of the complex dam–climate–environment–
economy–society nexus, including political initiatives and the use of advances in technology.
This can provide sophisticated dam and water management and the settlement of potential
conflicts between interested parties, as well as necessary adjustments not only at a tech-
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nical level but also at legislative and socio-economic levels in the context of the safe and
sustainable operation and use of future dams.

6. Rehabilitation of Dams

A dam is a large structure that requires maintenance, repair, and rehabilitation. If
these subjects are neglected, there is a probability of failure of the system, which may affect
the public. Rehabilitation means repairing, replacing, reconstructing, or removing a dam to
fulfill dam safety standards [159]. The aim of rehabilitation is usually to strengthen the foun-
dations by grouting, to improve the drainage, or to install an impervious apron upstream
of the dam. The flow of water through erodible or fractured rock can lead to increasing
leakage from the reservoir. The rehabilitation of dams, depending on their height, age, and
condition, can be a costly activity, sometimes requiring national support. A study published
by the US Association of State Dam Safety Officials (ASDSO) in 2023 estimated the cost of
dam rehabilitation for the period 2003–2023. According to the study, approximately USD
34.1 billion was needed in 2023 for non-federal high-hazard potential dams, where loss of
life is likely if dams fail or are misoperated [160].

Dam rehabilitation can be carried out on the dam structure or on facilities that have
been installed to meet the dam’s operational purposes. The Oroville Dam in the USA is an
example of dam rehabilitation, where concrete erosion had occurred and some spillway
rehabilitation had been carried out. This dam is the tallest in the United States and plays an
important role in water storage [161].

As mentioned above, Iran is one of the first countries in dam construction and opera-
tion. According to the website of the Iranian National Committee of Large Dams (IRCOLD),
the number of large operating dams is 523, and the total water storage of all the dams
is 51.7 billion m3 [10]. Some of these dams, due to age, need rehabilitation to ensure a
continued efficient performance. The Dez Dam is one of the first large dams built in the
Zagros Mountains in southwest Iran. It was completed in 1962, and the filling of the
reservoir began in December 1962. The operational purposes of this dam are hydroelectric
power generation, downstream demand supplementation, and flood control. The Dez
underground powerhouse contains eight 65 MW units with a total installed capacity of
520 MW, which has generated an average of 2400 GWh/yr of power over a 45-year operat-
ing period. Thus, the high value of the hydroelectric power generated shows the important
role played by the Dez Dam in the electricity sector. The minimum and normal operating
volumes are 726.5 and 2698.5 million m3, respectively. The power plant’s design discharge
is 357 m3/s; however, unfortunately, the high sedimentation rate has recently caused many
difficulties for the operation of the dam. The first major impact is that the irrigation gates
of the dam, which are currently 35 m below the sediment deposit, are out of use and the
hydroelectric outflow, which is at a higher level, is also used for irrigation purposes. In
addition, the hydropower intake is only approximately 5 m above the sediments, and, if
dredging is delayed, hydropower generation/operation will be difficult [162–165]. There
are some scenarios to rehabilitate the Dez Dam due to its role in increasing electricity
production, such as improving the demand and supply or extending the reservoir life. A
rehabilitation package that is being studied consists of three main components, as follows:
(a) construction and installation of a new power plant with a total capacity of 720 MW;
(b) dam heightening by 8 m; and (c) a new bottom outlet construction [162].

The Chimoni Dam in Kerala, India, is a masonry dam along with an earth dam,
having a length of 1211 m. It is a multi-purpose dam for hydropower, drinking water, and
irrigation. The Chimoni Dam was built between 1975 and 1996, and the first full level of
water was in 2005. The dam capacity is 179.39 Mm3. Many problems recently started to
become apparent, such as severe seepage, which was observed in the passageway and
downstream of the masonry section. The drainage holes in the dam were also blocked due
to mud transported with the water. Some recommendations were proposed to fix these
problems. The masonry dams were examined by geo-physical investigation to determine
their status. It was suggested to plaster the whole masonry body from bottom to top to
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reduce seepage. Sand and crushed rocks as filling materials were added to cement to
provide a toe drain downstream of the masonry dam. In addition, it was recommended
that the broken spillway gates be made operative by repairing the lifting/movement of the
gate and eroded spillway glacis with high-strength concrete [166].

The Kariba Dam lies in the Zambezi River basin between Zambia and Zimbabwe. It
has the largest artificial reservoir worldwide, with a capacity of 181 billion m3. The dam
consists of a double concrete arch dam which was constructed between 1956 and 1959. It
is a hydropower dam giving power to the whole southern region of Africa. Recently, the
dam needed major rehabilitation to continue its operation safely and efficiently. In 2015,
the rehabilitation plan was to be applied over the next ten years without interrupting the
power production. It was planned to complete the plunge pool and spillway by 2019 and
2023, respectively [167].

Current advances in technology and data collection may help in evaluating the status
of a dam, providing valid assessments not only regarding their structural and operational
performance but also of potential impacts on the surrounding environment and humans.
These can support future decisions regarding the removal or modification of the dam. A
recent study has developed a set of social and ecological metrics that can be used to create
a GIS database for numerous dams in New England [168]. Another example includes
the determination of the future creep and seismic behaviors of dams by using 3D finite-
difference analyses, validated by long-term levelling measurements [169]. Furthermore,
there are detection technologies for underwater concrete cracks [170]. In China, dams were
evaluated by the creation of a first silted land vectorized dataset, combining high-resolution
and easily accessible Google Earth images with object-based classification methods [147].

7. Epilogue

The development of dams shows that there are many lessons from the past that can
be of use for future generations. There are still many old dams in operation today. The
purpose of holding back river water for future supply, as implemented by the first known
water reservoir dam in Jawa, and of protecting humans from floods, as implemented by
the first known larger dam in Sadd el-Kafara, are both still relevant for many of today’s
water reservoir dams more than five millennia later. It is only in modern times that other
major purposes of water reservoir dams have been added, such as hydropower generation.

Today, it is generally accepted, especially in the developed world, that dams are not
built for just one use (irrigation and/or water supply). Instead, multi-purpose dams are
being promoted and built, combining water supply, irrigation, flood protection, power
generation, and other uses. The ‘’Three Gorges Dam” in China is a good example. Another
smaller but good example is the Tavropos Dam (Lake Plastira, Central Greece) that allowed
tourist development of the lake area, as well as power generation, irrigation, and drinking
water supply. Similar examples have been built in Germany and France, which utilize
100% and 97%, respectively, of their economically usable hydroelectric potential. In general,
the available technically feasible potential for the development of hydroelectric power
in Greece and in other parts of the world is much larger than the actual production. In
Greece, two-thirds of the economically usable hydroelectric potential has not yet been
utilized. In the present, there are reactions from ecological organizations to the construction
of new dams in order to protect the environment. While hydropower is estimated to be
able to provide 65% of the country’s needs, today less than 30% is used, compared to other
countries that use almost 100% of their hydroelectric potential [171] e.g., in Norway. In
the list of EU countries, regarding the use of hydroelectric power, Greece appears last.
Unfortunately, only 20% of consumed electricity is hydroelectric.

Dam designers should consider previous experience to ensure that dams’ failures/accidents
that may threaten human life, impair the sustainability of ecosystems, and destroy the environ-
ment are not repeated. A common example of failure is the construction of reservoirs in karsts,
which can fail despite potential investigation and sealing measures. Moreover, the overbuilding
of dams could lead to serious problems. One example is the 500 dams in Iran, which have
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seriously affected watersheds and water bodies. These mostly useless structures have led to
deforestation, impaired the productivity of ecosystems, and significantly destroyed the physical
and biological environment. The building of dams in Iran can be considered a prominent
national activity that has contributed to desertification and thwarted development efforts. Fi-
nally, and perhaps most importantly in terms of the direct cost to human lives, dams have
disrupted indigenous communities both upstream and downstream, completely disregarding
their knowledge and traditions, as well as the rich cultural traditions and heritage of many
civilizations in Iran [172].

Overall, it becomes necessary before and during the design preparation of dam con-
struction projects to carefully study their impacts on the surrounding environment, includ-
ing flora, fauna, and all environmental and socio-economic aspects that impact people’s
properties, traditions, and businesses. There are many methods of evaluating the adequate
environmental flow rate that is essential for the fauna and flora of a watershed. It is also
essential to understand the relationships between the biota and the environment, since
less water means less space for riverine organisms [173]. Experiences from the past and
present showed that maintenance, repair, and rehabilitation must be applied to dams. If
these items are neglected, efficiency is reduced, and there is the probability of a failure
of the system that may affect public safety. Current technological achievements are an
important tool against current and future challenges of being able to efficiently support the
planning, operation, and decision-making/management of dams, supporting in parallel
a fair judgement and evaluation of these infrastructures in the context of the potential
benefits and impacts on local communities.
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55. Yaşar, M.; Baykan, N.O.; Tanriöver, Y.E. Sebastapolis (Kızılca/Tavas/Denizli) Pınar Compilation Structure and Embankment. In

Proceedings of the Historical Water Structures Conference, Izmir, Turkey, 26–27 June 2008; pp. 129–132. (In Turkish).
56. Casagrande, M. Gli impianti di adduzione idrica romani in Byzacena e in Zeugitana. In Studi di Storia e di Archeologia; Nuove

Grafiche Puddu: Ortacesus, Italy, 2008; Volume 4.
57. Slimani, S. Types d’ouvrages hydrauliques antiques dans le Hodna occi-dental Etat des lieux. Nouvelles de l’Archéologie Algérienne

2020, 2, 92–99.
58. Ferjaoui, A.; Pailler, J.-M.; Darles, C.; Bordes, J.-L. L’approvisionnement en eau de Zama (Tunisie), le barrage d’Aïn Jebour. In

Regards Croisés d’Orient et d’Occident; Baratte, F., Robin, C.J., Rocca, E., Eds.; Les Barrages dans l’Antiquité tardive; 2013. Available
online: https://africa.hypotheses.org/2946 (accessed on 25 July 2023).

59. Sanchez Lopez, E. Los acueductos urbanos en Hispania. In Arquitectura Hidráulica y Forma Urbana; Camara Muñoz, A., Revuelta
Pol, B., Eds.; Asociación Cultural y de Estudios Jamilenudos (ASCUESJA): Jaén, Spain, 2019; pp. 11–28.

60. Bouffier, S.; Curie, J.; Dumas, V.; Lenhardt, P.; Marchello, A.; Ollivier, V.; Paillet, J.-L.; Trefiletti, M.; Turci, M. Aux Origines
du Galermi. Un Aqueduc à Travers L’histoire; Maison Meditérannéenne des Sciences de l’Homme, Aix-Marseille Université:
Aix-en-Provence, France, 2018.

61. Rigal, D. L’aqueduc antique de Cahors et ses captages. In L’eau: Usages, Risques et Représentations dans le Sud-Ouest de la Gaule et le
Nord de la Pé-Ninsule Ibérique; Bost, J.-P., Ed.; Aquitania Université de Bordeaux M de Montaigne: Pessac, France, 2012; Aquitania
supplement 21; pp. 443–456.

62. Breeze, D.J.; Jilek, S.; Graafstal, E.; Willems, W.J.H.; Bödecker, S. Frontiers of the Roman Empire. 2018. Available online:
https://whc.unesco.org/en/list/430/ (accessed on 25 July 2023).

63. Yongmei, H. General Survey and Research on the Longshou Canal of Guanzhong Water Conservancy Project. Relics Museolgy
2009, 26, 80–83.

64. Li, P. Irrigation in the Upper Reaches of the Han River in History. Agric. Archaeol. 1990.
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95. DSİ. Soil and Water Resources. General Directorate of State Hydraulic Works (DSİ). 2023. Available online: https://www.dsi.gov.
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97. Erdoğan, G. Dams in Turkey. Data source: Netdata. 2023. Available online: https://www.netdata.com/member/project/91e870
94#selectoptions (accessed on 25 July 2023).

https://cdniys.tarimorman.gov.tr/api/File/GetFile/425/KonuIcerik/767/1115/DosyaGaleri/tarihi-sulama-su-depolama-ta%C5%9Fkin-koruma-tesisleri.pdf
https://cdniys.tarimorman.gov.tr/api/File/GetFile/425/KonuIcerik/767/1115/DosyaGaleri/tarihi-sulama-su-depolama-ta%C5%9Fkin-koruma-tesisleri.pdf
https://doi.org/10.1080/07900629650213
https://doi.org/10.1623/hysj.48.2.277.44695
https://doi.org/10.1080/02666030.2001.9628592
https://doi.org/10.2307/971590
https://doi.org/10.3390/land12061211
https://doi.org/10.1080/07900628708722333
https://dergipark.org.tr/tr/pub/turhidder/issue/61342/912922
https://www.oecd.org/env/outreach/MPWI_Perspectives_Final_WEB.pdf
https://doi.org/10.1016/j.rser.2014.12.040
https://www.europarl.europa.eu/doceo/document/E-9-2022-003391_EN.html
https://doi.org/10.5194/hess-9-507-2005
https://en.wikipedia.org/wiki/Kremasta_(lake)
https://doi.org/10.1007/s00267-004-0069-y
https://www.britannica.com/topic/Three-Gorges-Dam/History-and-controversy-of-the-Three-Gorges-Dam
https://www.britannica.com/topic/Three-Gorges-Dam/History-and-controversy-of-the-Three-Gorges-Dam
https://archive.patris.gr/articles/289182
http://www.xinhuanet.com/english/2021-01/05/c_139642485.htm
http://www.xinhuanet.com/english/2021-01/05/c_139642485.htm
https://www.dsi.gov.tr/sayfa/detay/754#
https://www.dsi.gov.tr/sayfa/detay/754#
http://tucaum.ankara.edu.tr/wp-content/uploads/sites/280/2015/08/tucaum5_7.pdf
http://tucaum.ankara.edu.tr/wp-content/uploads/sites/280/2015/08/tucaum5_7.pdf
https://www.netdata.com/member/project/91e87094#selectoptions
https://www.netdata.com/member/project/91e87094#selectoptions


Water 2024, 16, 1889 39 of 41

98. Karabatan, Y. The Importance of Water and Soil Resources and Applied Strategy-Water Structures, Dams. Türkiye Mühendislik
Haberleri Dergisi, Issue: 442-443/51-200672-3, 2006; pp. 90–115. Available online: https://eski.imo.org.tr/resimler/dosya_ekler/
be9fde963dd860b_ek.pdf?dergi=154 (accessed on 25 July 2023). (In Turkish).

99. Özgen, Y.; Büyüktolu, R. The First Dam of the Republic: Çubuk Dam (1929–1936). J. Atatürk Yolu 2016, 15. (In Turkish) [CrossRef]
100. Öztekin Eke, D. The Status of the Cultural Heritage Under Dam Lakes and Protection of This Cultural Heritage. Master’s Thesis,
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power-plants/keban-hepp (accessed on 25 July 2023).
116. Aydin, M.C.; Ulu, A.E.; Karaduman, Ç. CFD analysis of Ilısu Dam sluice outlet. Turk. J. Sci. Technol. 2018, 13, 119–124.
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