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ROLE OF DAMS AND RESERVOIRS IN A SUCCESSFUL ENERGY
TRANSITION

Today, new and unexpected challenges arise for Europe’s large array of existing dams, and fresh
perspectives on the development of new projects for supporting Europe’s energy transition have emerged. In
this context, the 12th ICOLD European Club Symposium has been held in September 2023, in Interlaken,
Switzerland. The overarching Symposium theme was on the “Role of dams and reservoirs in a successful
energy transition”. The articles gathered in the present book of proceedings cover the various themes
developed during the Symposium:

— Dams and reservoirs for hydropower

— Dams and reservoirs for climate change adaptation
— Impact mitigation of dams and reservoirs

— How to deal with ageing dams

In conjunction with the Symposium, the 75th anniversary of the Swiss Committee on Dams offered an excel-
lent opportunity to not only draw from the retrospective of Switzerland’s extensive history of dam develop-
ment, but to also reveal perspectives on the new role of dams for a reliable and affordable energy transition.
These aspects are illustrated by several articles covering the various activities, challenges, and concerns of the
dam community.
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Role of dams and reservoirs in a successful energy transition

The Swiss Committee on Dams is proud to host the 12th ICOLD European Club Symposium
in Interlaken, Switzerland. The overarching Symposium theme is on the “Role of dams and
reservoirs in a successful energy transition”.

At the global scale, hydropower is by far the most important renewable energy source,
accounting for one sixth of electricity generation. In Switzerland, this share amounts to
almost 60%. The recent past has impressively demonstrated the importance of a reliable
electricity supply for modern societies. Energy is more than electricity, but the role of electricity
among the many energy carriers is and will be ever increasing, not least in the light of replacing
fossil fuels with CO2-free alternatives. A recent Swiss study on nationwide risks has shown a
scenario of large-scale shortage of electricity to feature the highest risk to the Swiss society, with
an annual probability of occurrence of about 3% and a damage potential of several hundred
billion Swiss francs. To ensure flexible storage capacity availability at all times and to limit the
likelihood of a blackout in the winter 2022/23, planned refurbishment works at Swiss storage
reservoirs were postponed by two years.

But dam reservoirs offer more than water for hydroelectric energy. They have also an
important retention effect during floods and contribute to protect downstream infrastructure
and settlements from inundations. Worldwide, irrigation and water supply are among the
widespread purposes of artificial reservoirs, and even in Switzerland, a country with high
annual precipitation and known to be the “Water tower of Europe”, droughts increase in
frequency and extent. Therefore, new reservoirs will feature multiple uses, from storage for
hydropower over flood protection to water supply for domestic, industrial and agricultural
use, and even artificial snow production. With 50% of European glacier ice volume located in
Switzerland, the rapid glacier retreat following the substantial atmospheric warming in the
Alps results in the formation of periglacial lakes forming at depressions formerly covered by
glacier ice. In an attempt to adapt to climate change, new dam projects at such sites aim at
artificially creating water storage to at least partly compensate for the natural water
storage loss from glacier melt, which, amongst others, will lead to larger flood peaks in the
downstream valleys.

The 12th ICOLD European Club Symposium coincides with the 75th anniversary of the
Swiss Committee on Dams (SCD). Based on a loose union of five Swiss dam engineers, the
predecessor of SCD, the Swiss Dam Commission, had been established in 1928, in the same
year as the International Commission on large dams (ICOLD). On December 20, 1948, Henri
Gicot chaired the founding assembly of the SCD. It comprised 68 members, many of them
from construction and machine industry as well as electric utilities. With more than 300
members nowadays, of which 80 institutional members, the SCD is a private association
representing the Swiss dam community within ICOLD. The Committee’s main objective is to
promote dam engineering including planning, construction, operation, maintenance and
monitoring. To achieve this goal, SCD unites experts and specialists from various dam
technology branches offering them a platform to share experiences, publish technical papers
and organize symposia and workshops related to dam engineering.

We are convinced that dam and reservoir engineering keeps being vital for society and will
have an important future. Several new dam projects are presently under study in Switzerland
and in Europe. But in parallel, the important legacy of our predecessors requests attentive
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surveillance and innovative solutions to ensure the safety of a large fleet of ageing dams.
In addition, climate change as well as the necessity for a better protection of ecosystems and
biodiversity are challenges which dam engineers have to take up. Hence, attracting young
engineers is thus an important goal of the dam community, and the ICOLD European Club
Symposium is a perfect event to network and draw the attention of a broader public to the
role of dams and reservoirs.

Robert Boes Patrice Droz Raphaél Leroy
President of the Chair of the ECS2023 Vice-President of the
Swiss Committee on Dams Organizing Committee Swiss Committee on Dams

Themes of the 12th ICOLD European Club Symposium

Theme A: Dams and reservoirs for hydropower

— Opportunity for energy generation and storage
— Large-scale storage reservoirs

— Pumped storage reservoirs

— New energy potential (PV, ...)

— Efficiency increase of existing schemes

Theme B: Dams and reservoirs for climate change adaptation

— Balancing extreme hydrological conditions (floods, droughts)

— Protection against floods

— Protection against other natural hazards (mass movements, glacier lake outburst floods, ...)
— TIrrigation and water supply

—  Multipurpose dams

Theme C: Impact mitigation of dams and reservoirs

— Environmental flows

— Sediment continuum

— Fish passage

— Hydropeaking

— GQGreenhouse gas emissions

Theme D: How to deal with ageing dams

— Dam safety

— Upgrade and refurbishment
— Extension and renewal

— Incorporating new purposes
— Decommissioning
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12" ICOLD European Club Symposium 75" Anniversary of the
Swiss Committee on Dams Interlaken, Switzerland, 5-8 September

The 12 ICOLD European Club Symposium will take place in Interlaken, Switzerland on
September 5™ to 8™, 2023. It is an opportunity for the European members, to focus and
discuss on the role of dams and the challenges that arise to adapt effectively to all changes
imposed by the energy crisis, climate induced impacts, legislative evolution and ageing of
dams, following the themes of the Symposium.

This event will also provide us with the opportunity of a second Board Meeting of the
ICOLD European Club within the same year, to discuss additional issues in more detail.

The Symposium will also be the occasion for several European Working Groups to meet
and exchange on their works regarding specific technical subjects related to penstocks and
pressure shafts, internal erosion in embankment dams, dikes and levees as well as dams and
earthquakes.

The Swiss Committee on Dams, founding member of the Club and one of the most active
among the European Committees, is excellently committed to the organization of the
Symposium, also providing several workshops and a unique opportunity for a technical visit to
Spitallamm Dam construction site. Furthermore, it is important to mention that it has actively
involved Swiss Committee on Dams Young Professionals in multiple organizing procedures.

The Symposium in Interlaken will also give the opportunity to celebrate the 75" anniversary
of the Swiss Committee on Dams. This event will give an excellent opportunity to not only
draw from the retrospective of Switzerland’s extensive history of dam development, but to also
reveal perspectives on the new role of dams for a safer energy transition.

Strong representation, from all member countries and sectors in dam engineering, by
participating in the 12" ICOLD European Club Symposium, is highly important for the
advancement and to strengthen the collaboration of the European dam community.

It is a great privilege to present the proceedings of the Symposium and I would like to
congratulate the Swiss Committee on Dams and all those who contributed to this final
selection.

Sera Lazaridou
President of the ICOLD European Club
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Past, present and future role of Dams in Switzerland

R.M. Boes
ETH Ziirich, Laboratory of Hydraulics, Hydrology and Glaciology, President Swiss Committee on Dams
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ABSTRACT: Switzerland is considered the water tower of Europe because of its topograph-
ically, and hydrologically favourable conditions with abundant water resources. The head-
waters of Europe’s major rivers Rhine and Rhone as well as relevant tributaries to the
Danube and Po rivers, namely Inn and Ticino, respectively, are in the Swiss Alps. In lack of
other major natural resources to generate electricity, the country has therefore been greatly
exploiting its water resources since an early stage through the construction of storage hydro-
power schemes with regulating dams, now accounting for a good half of Switzerland’s total
annual hydropower production.

Although most of the Swiss dams were built for hydropower generation, they also increas-
ingly provide considerable benefits as multipurpose reservoirs in terms of storage for natural
hazards protection as well as agricultural, domestic, industrial and recreational scopes.

It is expected that the importance of hydropower storage on various time scales will con-
tinue to increase in the context of the envisaged renewable energy transition. Meanwhile, pre-
viously glaciated areas also offer sites for new multipurpose reservoirs. The expected
challenges for Swiss dam engineering will be more and more interdisciplinary: operation and
maintenance of ageing dams and hydropower plants, climate change adaptation, environmen-
tal compatibility and the increasing pressure for multipurpose exploitation of the water
resources impose a comprehensive understanding and a participatory approach involving all
stakeholders.

1 INTRODUCTION

Switzerland is a country rich in water, and dams are primarily used to store water for the
generation of electricity. Larger dams were built as early as the 19th century, so that by
1928, at the time of the founding of the International Commission on Large Dams (ICOLD),
there was already extensive national expert knowledge on dam engineering. This manifested
itself in the Swiss Commission on Dams, also founded in 1928, which initially consisted of
five experts who were also internationally connected and recognised. Nevertheless, it took
until 1948 for the Swiss National Committee on Large Dams to be founded - later known
as Swiss Committee on Dams, whose 75" anniversary is celebrated in 2023.

This article provides an overview of dams in Switzerland as the largest man-made struc-
tures, including the country’s natural conditions, and highlights the importance of dams and
reservoirs for water resources and energy management. The article concludes with an outlook
on current challenges and on the importance of dams in Switzerland in the future.
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2 FUNCTION AND PURPOSE OF DAMS

Dams, barrages and appurtenant structures are collectively referred to as dams. As the name
suggests, they dam a valley considerably above the highest flood level of the natural stream.
ICOLD defines a dam as “large” if its height is at least 15 m from lowest foundation to crest
or a dam between 5 and 15 m with a storage volume of at least 3 Mm®.

Reservoirs impounded by dams serve worldwide to store water in times of abundant inflow
for periods of low inflows. In many warm and arid countries, dry periods without precipita-
tion result in low runoffs in the watercourses, which can be compensated by releasing previ-
ously stored water from reservoirs. Occasionally, even over-year or multi-annual storage is
sought, i.e. excess water of one or several wet year(s) is stored to compensate for lower precipi-
tation and runoffs in (a) dry year(s). In the Alpine region, runoffs occur mainly in spring and
summer because of precipitation in the form of rain, the melting of snow from the winter pre-
cipitation and the melting of glaciers. On the other hand, water demand for electricity produc-
tion is particularly high in winter and must be compensated for by means of seasonal storage.

Dams serve worldwide a variety of purposes, primarily agricultural irrigation, hydropower,
domestic and industrial water supply, low-water recharge, inland navigation and flood con-
trol. In Switzerland the focus is on hydropower utilisation, with an inherent flood protection
effect.

3 SWISS DAM INFRASTRUCTURE

3.1 Temporal development and dam types

The oldest reservoir dam under federal supervision is the 14.5 m high earthfill dam of the
Wenigerweiher on the outskirts of the city of St Gallen. It was built in 1822 to supply water
and energy to nearby industrial plants and is still in operation, although kept solely for eco-
logical reasons to maintain an amphibian spawning site of national importance (Hager, 2023).

Between 1869 and 1872, Europe’s first concrete gravity dam, Maigrauge, was built at Pér-
olles just south of the city of Fribourg. Nearby, 50 years later, a 55 m high double curvature
arch dam was built at Montsalvens, again a European premiere. This dam type later became
the second most widespread of large dams in Switzerland (Figure 1). Initially, preference was
given to gravity dams, such as the 110 m high gravity dam Schrih in the Wagital, completed
in 1924 and considered the world’s highest dam until 1929. In the years of the Great Depres-
sion and during the Second World War, some material-saving buttress dams were built, such
as the Lucendro dam on the Gotthard Pass. More information on the main phases of Swiss
dam development is given by Pougatsch & Schleiss (2023).

The economic upswing after the Second World War called for more hydropower, which led
to a vigorous construction of dams in Switzerland: In the short period from 1950 to 1970,
around 90 large dams were built (Figure 1). This corresponds to almost half of all large Swiss
dams existing today. The Grande Dixence dam, which at 285 m is still the highest concrete
gravity dam in the world, was also built during these years. From the 1980s onwards, the con-
struction of large new dams in Switzerland slowed down, while the construction of small dams
with other purposes than hydropower, mainly for flood retention, continued (Schwager et al.,
2023). Given their knowledge and experience, Swiss engineers have been and continue to be
involved in numerous dam projects abroad (Droz, 2023). In doing so, they keep pace with the
constantly growing level of experience, which in turn benefits the optimal monitoring and
adaptation of domestic dams and sets the basis for new Swiss dam development and refurbish-
ment projects.

Today, there are 200 large dams in Switzerland according to the ICOLD definition
(Figure 1). More than 220 dams, weirs and corresponding reservoirs are under the overall
supervision of the Swiss federal authority (Schwager et al., 2023). These essentially include
dams which either have a storage height of more than 10 m, or a storage height of at least
5 m and a storage volume of at least 50°000 m>. The relevant storage height is defined as the
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Figure 1. Development of large dams in Switzerland by type (left) and by maximum height above foun-
dation (right); classification according to ICOLD: BM = barrage, CB = buttress dam, ER = rockfill dam,
MYV = multiple arch dam, PG = gravity dam, PV = arch gravity dam, TE= earthfill dam, VA= arch dam
(own representation).

vertical distance between the full supply level and a lower reference level, the latter corres-
ponding to the low water level or the ground elevation. Most large Swiss dams are located in
the Alps (Figure 2).
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Figure 2. Spatial distribution and purposes of large dams in Switzerland (own representation).

Although well-maintained dam structures can fulfil their functions for decades, dam ageing
nevertheless makes great and increasing demands on monitoring, maintenance, and operation.
Negative phenomena that occur or are noticed only after a long operation time are, for



example, concrete decay processes such as swelling (SCD, 2017a). The maintenance of the
existing dam fleet is a demanding challenge for the specialists involved and is often technically
supported by the Swiss federal institutes of technology in Zirich and Lausanne as well as
other higher education institutions. As of 2023, 165 out of 200 Swiss large dams are older than
50 years, while the average age of the large Swiss dams is 70 years (Figure 3).

The demand for new dams has declined sharply since the millennium change but has
recently been the subject of intense discussion again (Felix et al., 2022; Fauriel et al., 2023),
see also sections 6.1 and 6.2. Heightening of existing dams is one way to increase the storage
volume for winter energy production. In the past, for example, the Mauvoisin (Canton Valais)
and Luzzone (Canton Ticino) arch dams were raised by 13.5 and 17 m, respectively, for this
purpose (Schenk & Feuz, 1992; Baumer, 2012). An overview of the dam heightening experi-
ence of Swiss engineers is provided by Wohnlich et al. (2023).
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Figure 3. Development of large dams in Switzerland by age (own representation).

3.2 Dams for hydropower

Thanks to the favourable natural conditions regarding topography, hydrology and geology,
the hydropower potential in Switzerland has been intensively exploited since the first power
plant for electricity production in 1878 in St. Moritz (St. Moritz Energie 2023) until today.
There are more than 650 run-of-river, storage, and pumped-storage power plants with
installed capacities ranging from 300 kW to the 1’269 MW of the Bieudron hydropower plant
(HPP). Their annual production is nominally around 36 TWh/a, which corresponds to about
57% of the country’s electricity demand. In an international comparison, Switzerland has by
far the highest hydropower generation per unit land area.
The following two main types of HPPs are distinguished in Switzerland:



— Low-head (below 30 m), run-of-river HPPs on the major rivers,
— High-head (200-2200 m) HPPs with storage dams mostly of medium to large height, gener-
ating in one, two or three stages on Alpine tributaries.

Between these two predominant groups, the medium head (30-200 m) range is only sparsely
represented in Switzerland, although the corresponding type of HPP is very common world-
wide and also constitutes the largest HPPs, i.e. on water-rich streams with relatively high
dams, and a powerhouse located nearby. The corresponding reservoirs are characterized by
a small to medium capacity inflow ratio (e.g. smaller 0.25), that still allows the HPP to be
operated largely independent of fluctuations in inflow with only moderate fluctuations in res-
ervoir water level to meet demand.

The technical potential for hydropower development in Switzerland is often quantified as
being exploited by around 90%, so that the potential for further expansion by construction of
new schemes is rather low. Current efforts focus on maintaining and optimizing the capacity
and efficiency of existing HPPs and related dams. In the future, the value of hydropower is
expected to lie even more in storage on various time scales (short-term to seasonal) and the
provision of great flexibility for load absorption and short-term generation by means of
pumped storage (Boes et al., 2021). Pumped-storage power plants (PSPs) can be used either
for electricity production or for pumping operation over the same gross head. No energy is
generated in this cyclic process, as the availability of energy is only shifted over time. How-
ever, PSPs are of great value in large-scale electricity grids, as they allow to store excess energy
in the form of water that can be released to generate electricity within tens of seconds to min-
utes, with a cyclic or round-trip efficiency of 70 to 80 %. Swiss PSPs are typically designed to
store excess natural inflows in seasonal, high-head reservoirs. On the other hand, some storage
HPPs also feature pumps to transfer water from lower-lying stream intakes to a reservoir. The
largest Swiss storage scheme at Grande Dixence in the Canton of Valais comprises four large-
scale pumping stations (Leroy, 2023).

3.3 Dams for other purposes

Alongside hydropower, the large seasonal reservoirs in the Alps contribute considerably to
flood retention and hence downstream flood protection. However, important for the protec-
tion of the population from natural hazard in various regions of Switzerland are also sediment
retention and flood retention dams. In addition, numerous small reservoirs (ponds) have been
created in the Alps in recent decades, which serve for artificial snowmaking on ski slopes.
Especially in the Canton of Valais there are several reservoirs serving for irrigation and water
supply. Finally, reservoirs that no longer serve a purpose of economic relevance have eco-
logical and recreational functions nowadays (Figure 2), so that dam removal has not yet been
a topic for large Swiss dams. On the contrary, a few mostly small reservoirs impounded by
dams are kept in function to preserve habitats that have established in the course of time, as
exemplified by the Wenigerweiher in St Gallen (see section 3.1).

4 WATER TOWER SWITZERLAND

4.1 Topography and relief

With an area of 41285 km?, Switzerland is one of the smaller countries in Europe. The total
extension in east-west direction is about 350 km, and in north-south direction about 220 km.
Switzerland is very mountainous by nature and can be divided into three major landscape
areas, which show great differences: the Jura, the densely populated Plateau and the Alps
(Figure 2). Around 60 % of the country’s area belongs to the Alps, 30 % to the Plateau, and
10 % to the Jura. Switzerland has more than 3350 peaks above 2’000 m a.s.l. The sixteen high-
est peaks in Switzerland are all in the Valais Alps and the highest peak is the Dufourspitze
(4’634 m a.s.l.) in the Monte Rosa massif close to Zermatt.



4.2 Climatic regions and Hydrology

The Alps form an important climate and water divide in Central Europe with additional
Alpine and intra-Alpine weather effects, so that several weather situations prevail in Switzer-
land despite its small size, providing a great variability in precipitation distribution (Figure 4).
North of the Alps, there is a temperate, Central European climate mostly dominated by
oceanic winds, whereas south of the Alps it tends to be more Mediterranean.

The mean annual precipitation is about 1400 mm (reference period 1981 to 2010). In Alpine
regions, the mean precipitation is higher, e.g. 1750 mm per year, depending on the elevation.
In the Plateau and the Jura, the amount is about 1000 to 1500 mm per year. Precipitation in
Switzerland is about twice as high in summer as in winter. Around 32 % of Switzerland’s
annual precipitation evaporates, with the remaining 68 % flowing abroad as runoff (Viviroli &
Weingartner, 2004).
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Figure 4. Annual mean precipitation and monthly sums [mm] of the measurement series 1981 to 2010
for the twelve Swiss climate regions; the annual means are indicated in the upper left corners of each
barplot (Source: adapted from CH2018, 2018).

4.3  Glaciers

Swiss Alps are significantly shaped by numerous glaciers. The largest and longest Alpine gla-
cier is the Great Aletsch Glacier, followed by the Gorner Glacier (by area). The Swiss glaciers
reached their last peak during the Little Ice Age, which lasted from the beginning of the 15th
to the middle of the 19th century. Since the end of the Little Ice Age, a clear retreat of the
glaciers has also been observed in Switzerland, as almost worldwide. This glacier retreat has
intensified in recent decades. Between 1920 and 2019, the ice volume of all glaciers in the
Swiss Alps decreased by about half to 51 km?, of which 38% alone occurred between 1980 and
2019 (Zekolari et al., 2019).

4.4  Climate change impacts

Due to the global temperature increase, the runoff distribution over the year is changing and
the amount of stored water in snow and glacier ice will further decrease, thus affecting the



multipurpose exploitation of the resource. Figure 5 shows for typical catchments and dis-
charge regimes how seasonal runoffs will change over the course of the year until the middle
and end of the century, provided that no climate protection measures are taken, and emissions
and warming continue to increase (emission scenario RCP8.5).

By the end of the century, an average increase in winter runoff of around 10 % is expected
with climate protection actions (RCP2.6) and around 30 % without such actions (RCP8.5)
(Brunner et al. 2019). Winter runoffs increase particularly strongly in today’s nival, i.e. snow-
melt-dominated regimes (see e.g. Figure 5, Plessur). The smallest changes in winter runoffs are
expected in catchments in the Plateau, where snow cover already contributes little to runoff,
and in very high catchments (Figure 5, Rosegbach), where most precipitation will continue to
fall in the form of snow in the future due to low winter temperatures (Miilchi et al. 2021).

By the end of the century, the summer scenarios show an average decrease in runoff of around
10 % with climate protection actions and 40 % without. Responsible for this decrease are reduced
summer precipitation, higher evaporation and the reduction of glacier and snow melt water.
Areas of all altitudes and regions are affected by declining summer runoff. There will also be
a decrease in summer runoffs in areas that are still glaciated today (Figure 5, Rosegbach).
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Figure 5. Change in mean monthly runoffs in characteristic catchments with median (line) and uncer-
tainty range (fill) for the reference period (1981 - 2010) (grey) and the scenario without climate protection
actions (RCP8.5) by the end of the century (2085, brown line and fill) (Source: adapted from FOEN,
2021).

5 SYSTEMIC RELEVANCE OF SWISS DAMS FOR BALANCING WATER
RESOURCES

5.1  Swiss electricity system

Water resources in Switzerland are abundant, but the runoff regimes are subject to large sea-
sonal fluctuations, particularly in small catchments at high altitude. In winter, the runoff is
lower than in summer while the electricity demand is higher (55 % of the annual demand in
the decade 2013 to 2022). To counteract this imbalance, seasonal hydropower storage systems
play a relevant role.

For rivers with small catchments in the side valleys of the Central Alps, the balancing of
power generation in summer and winter requires a storage volume of typically 30-40 % of the



annual runoff, depending on the degree of glacier coverage in the catchments. For the rivers
of the main valleys, this share is significantly lower, but in absolute terms very large storage
volumes would be required. In this respect, the natural sub-Alpine between the Alps and the
Plateau have an important balancing function, partially decoupling the catchment areas above
and below thanks to their retention effect.

In the large hydropower reservoirs in Switzerland, a considerable part of the natural inflows
is transferred from the summer to the winter half-year (1** October to 31%* March), so that
today the storage power plants generate half of their annual production in the summer and
half in the winter half-year, whereas the inflows are distributed over these two half-years at
a ratio of about 4:1.

The ratio of electricity production of storage and run-of-river HPPs in Switzerland is
approximately 53 %: 47 %, while globally it is around 33 %: 67 %. Almost 90 % of the total
storage capacity of Swiss hydropower reservoirs of around 9 TWh is provided by reservoirs
with volumes above 20 Mm® Figure 6). This storage capacity represents a valuable reserve
that renews itself every year and that increases the security of electricity supply, especially in
the winter half-year. The water stored in the reservoirs until late summer is sufficient to cover
around 25 % of the country’s total electricity demand in the winter half-year.
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Figure 6. Storable electric energy (dashed curves), average exploitable gross head (of the HPP cascade
if applicable) and corresponding energy coefficient of Swiss reservoirs above 20 Mm® as a function of
their live storage volume (adapted from Felix et al., 2020).

5.2 Flood risk management

Natural and artificial lakes can significantly contribute to prevent downstream flood damage
through their water retention effect. Every lake has a retention effect because inflow is always
delayed and attenuated, even when fully filled. For dams and weirs, this depends on the cap-
acity and mode of operation of the spillway, i.e. the lake outflow. The larger the lake area, the
greater the attenuation effect. Thus, flood risk management is increasingly considered in the
operation of the relevant Swiss reservoir dams, retention basins and regulated natural lakes.

After the 1993 flood in Valais, the spillway of the Mattmark reservoir was converted in
such a way that the uppermost 2 m of the reservoir with a volume of 3.6 Mm? serve exclusively
for flood retention, which the canton of Valais has at its disposal (Biedermann et al., 1996;
Sander & Haefliger, 2002).

The Sihl valley in the cantons of Schwyz and Zurich has experienced no major flooding
since the construction of a hydropower dam on the Sihl river some 40 km upstream of the city
of Zurich in the 1930s. The Sihl reservoir (Sihlsee) regulates almost half of the Sihl catchment
area at the Zurich gauging station. In the city of Zurich the damage potential in the event of
extreme flooding of the Sihl, largely exceeding the retention effect of the Sihlsee, has been esti-
mated at up to 6.7 billion CHF. The consequential costs of disruptions in energy supply, tele-
communications, and transport would exceed the material damage several times. The Canton
of Zurich is therefore implementing a comprehensive plan to improve flood protection around
the Limmat and the Sihl rivers as well as for the natural Lake Zurich, whose level can be arti-
ficially lowered before an incoming flood. Several immediate measures have already been
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implemented, including specific structural measures at critical infrastructure, optimisation of
emergency planning and emergency organisation, improvements to flood forecasting including
anticipatory regulation of Lake Zurich and of the hydropower reservoir Sihlsee, the largest in
Switzerland by area, where an overflow of 1 m on the spillway means an additional water
retention of about 10 Mm?. In addition, since 2017, a driftwood retention structure in the Sihl
river prevents blockages caused by large floating debris at critical points downstream, includ-
ing the culverts under the Zurich main train station. As a long-term solution to protect the
lower Sihl valley and the city of Zurich from extreme flooding of the Sihl, a flood diversion
tunnel is under construction to partly transfer flood peaks from the Sihl river (between the
Sihlsee and the city of Zurich) into Lake Zurich (AWEL, 2017; FOEN, 2020).

6 OUTLOOK ON DAMS AND RESERVOIRS IN SWITZERLAND

6.1 Dams and reservoirs to ensure security and flexibility of electric energy supply

Storage hydropower from the Swiss Alps contributes significantly to the stability of the national
and European electricity grids and is key to the envisaged energy transition to renewables. Hydro-
power plays a central role in the Swiss energy strategy, especially for the security of the electricity
supply in the seasonal balancing. Both hydropower production and storage capacity are to be
increased in the coming years and decades. This can generally be achieved through new construc-
tions, expansions and extensions as well as renewal and rehabilitation of existing installations.
Since the economically feasible hydropower potential in Switzerland is already exploited to a high
degree, the focus is on energy storage in large hydropower reservoirs and a further flexibilization
between electricity generation and consumption by means of pumped storage power plants.

By 2040, at least 2 TWh of additional electricity storage capacity should be available from
hydropower. To this end, a participatory process has been initiated by the Federal Department
of the Environment, Transport, Energy and Communications (DETEC), the so-called “Hydro-
power Round Table”. It was aimed at developing a common understanding between project
developers, responsible authorities and other stakeholders of the challenges facing hydropower
in the context of the Energy Strategy 2050, the net-zero climate target, security of supply and the
preservation of biodiversity. In this process, 33 potential projects, for which the Swiss Federal
Office of Energy (SFOE) had obtained brief descriptions and key figures from the project devel-
opers, were screened regarding biodiversity, landscape and energy. The projects with the lowest
expected specific impacts on biodiversity and landscape per GWh of additional annual storage
capacity received the highest scores. To achieve the target of +2 TWh/winter of additional elec-
tricity production, 15 projects with the highest scores were finally listed (SFOE, 2021).

The list includes 11 reservoir enlargements through moderate heightening of dams (H) and
other adaptation measures, two new reservoirs in the glaciated high mountains (N) and two
expansions of existing facilities (N). The two new reservoirs and the two extensions are
expected to contribute around 1 TWh/winter, like the 11 dam heightening projects. The total
expected additional electricity storage of 2 TWh/winter results mainly from additional produc-
tion shifting from summer to winter and to a lesser extent from additional production. The
projects are further described in Fauriel et al. (2023), including a comparison to recent studies
by ETH Zurich (Ehrbar et al., 2018, 2019; Felix et al., 2020; Boes et al., 2021). Accordingly,
the construction of a few new dams and the heightening of several existing dams are expected
until 2040 or 2050. Thanks to load bearing reserves, the heightening of existing Swiss dams by
a certain percentage of their initial maximum height (e.g. 10 %) is often technically feasible by
raising the dam on or near its crest only, i.e. the top of the structure itself, without major
structural adaptations like a change of dam type. The reserves stem from intentional overde-
sign of many Swiss dams designed after 1943 following the experiences of the bombing of
German dams by the Allies in the second World War.

The Swiss Energy Strategy 2050 poses several technological challenges, which can only be met
by adoption of interdisciplinary solutions. Among these, solar energy will play a key role, and
installations in Alpine contexts are confirmed to be more and more competitive thanks to their
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increased efficiency and to a balanced production profile over the year. Thus, the installation of
photovoltaic panels on dams and on their corresponding reservoirs is a solution to be considered
because of the following advantages: (i) use of existing hydropower infrastructure for installation
and grid connection, (ii) reduced impact on the landscape, (iii) speed of realization, and (iv) pro-
duction pattern that matches well in combination with the flexibility of storage hydropower. An
overview of photovoltaic installations on dam faces and reservoirs in Switzerland is provided by
Maddalena et al. (2022), Rossetti et al. (2023) and Maggetti et al. (2023).

6.2 Multi-purpose dams and reservoirs

To date, only a few Swiss reservoirs are explicitly managed as multi-purpose facilities and
only a few concessions are linked to further water-related services (Palmieri et al., 2023). With
climate change, however, the pressure on water resources will increase due to other usage
demands (section 4.4). With regard to the irrigation function, it must be taken into account
that most of Switzerland’s Alpine reservoirs are located too far away from agricultural areas
(Kellner & Weingartner, 2018) and are many times smaller compared to natural lakes (e.g.
Grimsel Lake compared to Lakes of Brienz and Thun).

Multi-purpose use of reservoirs creates synergies and is expected to increase public acceptance.
For some of the new reservoirs from the list of the Round Table Hydropower, other uses besides
hydropower are discussed and planned. For example, the Gorner Lake is to fulfil an essential
flood protection function for Zermatt and the Mattertal and shall additionally serve the water
supply for irrigation, drinking water, snow production, firefighting, etc. (Fauriel et al., 2023).

The most advanced new multipurpose reservoir project in the Swiss Alps is the Trift dam in the
Bernese Oberland, currently in the licensing procedure. Where 75 years ago, at the time of the
founding of the Swiss Committee on Dams, the tongue of the Trift glacier was located,
a proglacial lake has formed since about the turn of the millennium. The storage volume of this
natural lake is to be increased to about 85 Mm?® with a new arch dam (Figure 7). From a water
management perspective, such a reservoir can partially replace the storage function of the glacier
by temporarily storing the runoff and releasing it to downstream users in a delayed manner or at
times of increased demand (geo7 AG, 2017; Kellner & Weingartner, 2018).

Figure 7. Trift glacier (Canton Berne) 1948 (left), 2008 with proglacial lake (centre) and visualisation of
the planned arch dam with reservoir (right) (photos: Kraftwerke Oberhasli AG).

6.3 Dam and reservoir adaptation measures due to climate change

As the climate changes, the variability of runoff increases (Annandale et al., 2016; Palmieri
et al., 2023). Annual runoff volumes are also affected by this, as dry and wet years tend to
increase in severity (section 4.4). The need for dams and the storage volumes of the corres-
ponding reservoirs to balance water supply and demand will thus increase, especially in
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regions where natural storage such as from glaciers is declining or diminishing. At the same
time, there is still contradictory discussion among experts as to whether sediment input into
reservoirs will increase or decrease. While sediment availability tends to increase on the one
hand, a decreasing sediment transport capacity is to be expected with decreasing summer run-
offs on the other hand.

Impacts of climate change with possible adaptation measures are reported in Table 1.

Table 1. Impacts of climate change with possible adaptation measures.

Impacts Possible adaptation measures

Increase in magnitude of extreme floods Capacity increase of spillways, if necessary, includ-
ing consideration of increased risks of clogging with
a trend towards increasing volumes of floating
debris (SCD, 2017b; Schmocker & Boes, 2018).

Increasing need for flood protection for down- Adaptation of reservoir management and/or the

stream dwellers outlet devices, if necessary (see examples of Sihlsee
and Mattmark in section 5.2).

Changes in inflow volumes and water demands in ~ Adaptation of reservoir management, and conver-

the region of a dam sion into a multi-purpose facility

Intensification of sediment input into reservoirs Effective reservoir sediment management for sus-
tainable operation, heightening of power water
intakes and outlets on dams if necessary.

Possibly more frequent and more intense gravita-  Increased monitoring of the reservoir slopes, investi-

tional natural disasters in the area of dams, e.g. gation of the effects of impulse waves, disposition

mass slides into reservoirs and danger of impulse  for short-term partial drawdowns, if necessary.

waves (Evers et al., 2018, 2022).

Changed displacement behaviour of concrete dams Predictive assessment by analytical investigations

due to higher ambient temperatures and modelling; if necessary intensified dam
monitoring

6.4 Dam and reservoir adaptation measures due to new ecological requirements

The European Water Framework Directive and national legislation place new requirements
on transverse structures such as weirs and dams in terms of ecology. In Switzerland, the
revised Waters Protection Act entered into force in 2011, which imposes various new or stric-
ter requirements on HPPs. With regard to dams used for hydropower, these are, in particular:

— Reestablishment or improvement of fish migration, both upstream and downstream,
— Reestablishment or improvement of bedload passage and/or bedload management,
— Measures to mitigate hydropeaking effects on the watercourse downstream of storage HPPs.

The Swiss cantons have identified the need for action in strategic planning, and the imple-
mentation of the measures for so-called “hydropower rehabilitation” is to take place by 2030.
Consideration is given to whether the measures are technically and financially feasible, i.e.
whether they have a reasonable cost-benefit ratio. The upstream and/or downstream fish pas-
sage must be rehabilitated at around 700 facilities (D6nni et al., 2017), whereby not all of
them are considered dams. Sediment passage is to be improved at up to 200 HPPs (Bammatter
et al., 2015). While these two aspects apply mainly to low-head facilities on the larger valley
watercourses (Boes et al., 2017), hydropeaking countermeasures are to be implemented at
around 100 storage power plants, mainly in the Swiss Alpine region (Bammatter et al., 2015).

Rehabilitation of existing HPPs will generate high costs for owners or concessionaires. First
and foremost, structural adjustments are planned, but operational measures may also be used, for
example temporary drawdown of a reservoir water level to increase the passage of sediment and
driftwood during a flood. The HPP operators are compensated by the national grid operator
(Swissgrid) for the necessary rehabilitation measures. Eligible non-recurring cost elements are, for
example, planning and project costs, acquisition costs for land or buildings, construction costs,
costs for new control technology, outage costs and revenue losses due to reduced production.
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In the recent past, these requirements have already led to the construction or renovation of
ancillary facilities such as upstream and downstream fishways (Meyer et al., 2016), to sedi-
ment management measures on dams (Schleiss et al., 2016; Boes et al., 2017) and to new com-
pensation basins for hydropeaking (Schweizer et al., 2021). Examples include a fish lift at the
Maigrauge dam in the city of Fribourg, the compensation basin of the Oberhasli power plants
in Innertkirchen (Figure 8) and sediment replenishment below the Rossens dam on the Sarine
river. There, gravel is deposited on the riverbank below the dam and eroded and transported
downstream by means of so-called artificial floods, which are generated by discharge through
bottom outlets (Figure 9), see also Friedl et al. (2017).

Many efforts will still have to be made to meet the requirements of the revised Swiss Waters
Protection Act. From today’s perspective, this will go far beyond the target year of 2030.
Among others, new solutions will have to be found, which have been the subject of intensive
research projects for years. One example is the protection of fish at large HPPs and water
intakes with design discharges well above 100 m?/s, for which there is still no generally recog-
nised technological state of the art (Rutschmann et al., 2022). The use of synergies is another
approach to restoring or improving the watercourse continuum for both sediment and aquatic
organisms at transverse structures (Foldvik et al., 2022).

Figure 8. Innertkirchen hydropeaking compensation basin (Canton Berne) of Kraftwerke Oberhasli
KWO (photo: KWO AG).

Figure 9. Artificial flood at the Rossens dam (Canton Fribourg) of Groupe E (photo: Ecohydrology
Research Group, ZHAW).
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ABSTRACT: With more than 220 large dams in operation, compared to its surface of some
41’000 km?, Switzerland has a very large fleet. They were erected to meet various economic
and protection needs. Their main assignments concern the storage of water for later use,
mainly hydropower, and the protection of property, particularly against floods. It is from the
19th century with the growth of the population and the industrial development that the
marked beginning of the construction of large dams. This paper describes, over time, the vari-
ous stages of this development, the main period of which is between 1950 and 1970. Guaran-
teeing the safety of these storage schemes at all times is essential. A concept based on three
pillars (structural safety, monitoring and maintenance, emergency plan) was developed. Peri-
odic safety assessments have led to the undertaking of maintenance and rehabilitation works
for several storage schemes. In the future, the monitoring and uprating of existing structures
will remain an important task. New projects with the purpose to increase storage for the
winter critical season are also planned and are partly already integrated into an expansion
process, in particular to meet actually needs for a safe and low carbon energy transition. Of
course, research and development remain specific objectives to maintain the competences of
dam engineering not only in Switzerland but also for the participation to worldwide develop-
ment of dams and reservoirs.

1 INTRODUCTION

The oldest dam structures still in use date from the nineteenth century. During the twentieth
century, the country’s economic development and ensuing energy needs had an influence on
the rate of construction of dams associated with quite remarkable hydroelectric projects.
While Switzerland today has many large dams, this is due to the driving force of eminent
engineers who played pioneering roles: F.L. Ritter, H. Juillard, F. Meyer- Peter,
H. E. Gruner, Alfred Stucky, Henri Gicot, Giovanni Lombardi. The most active period of
dam building occurred between 1950 and 1970 (Figure 1). There are more than 220 dams in
Switzerland under the jurisdiction of the Confederation of which 87% are designed to produce
hydropower. Other uses include the storing of water for irrigation, supply of drinking water,
and the production of artificial snow (3%), biotopes and leisure activities (3%), as well as pro-
tective structures for controlling flooding events and retaining sediment (7%). Among these
dams, 56% are concrete dams (which can be further split into 54% gravity dams, 41% arch
dams, and 5% multiple arch and buttress dams), 31% embankment dams (earth or rockfill),
and 13% gated weirs. Twenty-five dams have a height greater than 100 m and four of these
are taller than 200 m. The most impressive dams are in the Alps. Finally, it is important to
note the existence of several hundred dams and weirs of more modest dimensions and of vari-
ous types and uses.
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Figure 1. The age structure of large dams in Switzerland.

2 MAIN STAGES IN THE CONSTRUCTION OF DAMS

The growth in population and industrial development of the twelfth century led to the appear-
ance of the first water storage structures in Switzerland (Sinniger, 1985). These installations
were modestly for the use of hydropower. Only some of these structures still exist today. The
industrial revolution in the eighteenth and nineteenth centuries brought about great economic
growth, in particular due to the development of hydroelectric schemes in which turbines grad-
ually replaced water wheels. From 1869 to 1872, Guillaume Ritter (1835-1912) built the Pér-
olles hydropower scheme on the Sarine River upstream of Fribourg. The slightly curved
gravity dam (height 21 m, crest length 195 m) was at the time the largest dam in Switzerland.
Its trapezoidal section includes two inclined faces. Its construction in concrete was also an
innovation in Europe. Interesting rehabilitation works across the whole dam structure were
carried out from 2000 to 2004.

In the late nineteenth and early twentieth centuries, many embankment dams were built
(Figure 2). At that time, techniques for earthworks were based on empirical criteria far removed
from the later science of soil mechanics. The failure of a small, five-meter dike in 1877 encouraged
engineer Friedrich de Salis (1828-1901) to undertake a detailed study of the dam break wave, which
was most probably the first calculation of its kind. Some of the more remarkable constructions
include the Giibsen saddle embankment (SG/1900/H = 19 m) and the Klontal embankment (GL/
1910/H = 30 m), which was designed to raise the water level of a natural lake. During this same
period, many gravity dams were also built, most often using traditional masonry techniques, includ-
ing dams at Buchholz (SG/1892/H = 19 m), List (SG/1908/H = 29 m), Muslen (SG/1908/H = 29 m),
and at the Bernina Pass (GR/1911/H = 15 and 26 m). Substantial rehabilitation works were carried
out on the dams at the Bernina Pass in the late twentieth and early twenty-first centuries.

Due to increasing energy needs, from 1914 attention turned to the construction of water-storage
reservoirs, in particular water issuing from summer snowmelt and glacier melt, and to guarantee
the production of energy in winter when demand for electricity rises. This transfer of energy neces-
sitated the availability of large reservoirs and therefore the construction of large dams.

The construction of the Montsalvens dam (FR/1920/H = 55 m) marks the beginning of
a new period of dam development. It was the first double-curvature arch dam in Europe and
was designed by Heinrich E. Gruner (1873-1947. Static calculations were based on a trial-load
method devised by Hugo F. L. Ritter (1883-1956), which was then developed by Alfred
Stucky (1892-1969) and Henri Gicot (1897-1982), who were both working with H. E. Gruner.

The Swiss Commission on Dams was founded on 2 October 1928 by six renowned scholars
and practitioners in the construction of dams namely H. Eggenberger, H. E. Gruner, A. Kaech,
E. Meyer-Peter, M. Ritter, A. Stucky, A. Zwygart and W. Schurter. Somewhat later the renown
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experts J. Bolomey, O. Frey-Bar, H. Gicot, H. Juillard, M. Lugeon, E. Martz, M. Ros§, and
M. Ros. jun. joined the commission. According to its statutes, the aim of the commission was to
“deal with problems related to dams and to collect information and knowledge about these con-
structions and their operation.” In the beginning, the Commission dealt with issues brought up
in conferences held by the International Commission on Large Dams (ICOLD), founded in
1928. It later went on to establish guidelines for the construction and maintenance of Swiss
dams. In addition, it set itself the task of carefully examining the results of observations carried
out on dams. In 1948 the Swiss Commission on Large Dams became the Swiss National Com-
mittee on Large Dams (SNCOLD) and in 1999, the Swiss Committee on Dams (SwissCoD).

Baslerweier
Liestal 1871

10.5

Waldhalde
Wiidenswil 1895

15.0

Kléntal
Glarus 1910

1040=4.8 H

Figure 2. Examples of embankment dams built in the late nineteenth and early twentieth centuries
(from Schnitter, 1985).

In the 1930s, the global economic crisis slowed the rise in the consumption of electricity, as well as
the need for new hydropower schemes, and, as a result, the construction of dams. However, it was
at this time that the Dixence dam was built (VS/1935/H = 87 m), based on a project by Alfred
Stucky. This buttress dam has a volume of 421’000 m® and until the end of the Second World War
was the highest dam of its type in the world. Construction of the Verbois dam (GE/1943/H = 34 m)
and the buttress dam at Lucendro (T1/1947/H = 73 m) began during the Second World War.

After the bombing of German gravity dams by the English air force in May 1943, the Federal
authorities stipulated that horizontal buttress struts had to be added to the already completed
Lucendro buttress dam, as well as major reinforcement to the Cleuson dam (VS/H = 87 m) built
between 1947 and 1950. Thereafter, only very narrow hollows were to be admitted, as is the case
for the dams at Réterichsboden (BE/1950/H = 94 m) and Oberaar (BE/1953/H = 100 m).

During the Second World War, a sharp increase in the consumption of electricity was
observed, which continued in the post-war context. Hydroelectric schemes, of which large
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dams were the centerpiece, were constructed to respond to this demand for additional energy.
In 1945 the construction of the Rossens arch dam began (FR/1947/H = 83 m). From 1950 and
throughout the 1970s, dam construction boomed, and more than one hundred dams were
commissioned. The construction of the 237-meter-high Mauvoisin arch dam (Figure 3) height-
ened to 250 m in 1991 and the 285-meter-high Grande Dixence gravity dam (Figure 4) began
in 1951. Commissioned in 1957 and 1961 respectively, these two dams are still today among
the highest operating dams in the world. Thanks to the skills of renowned experts and engin-
eers from high-level consultancy firms, many impressive arch dams were erected.

Figure 3. The Mauvoisin arch dam (H = 250 m).

Figure 4. The Grande Dixence gravity dam (H =285 m).

In the design of arch dams, the traditional circular arches were replaced by parabolic or
elliptic arches in order to ensure a better orientation of the pressure of the arches against the
rock foundation and abutments. Among the structures with a height greater than 100 m, the
following dams can be listed: Emosson (VS/1974/H = 180 m), Zeuzier (VS/1957/H = 156 m),
Curnera (GR/1966/H = 155 m), Zervreilla (GR/1957/H = 151 m), Moiry (VS/1958/H =
148 m), Limmern (GR/1963/H = 146 m), Punt dal Gall (GR/1968/H = 130 m), Nalps (GR/
1962/H = 127 m), and Gebidem (VS/1967/H = 122 m). The twin-arch dams at Lake Hongrin
(VD/1969/H = 125 and 90 m) should also be noted, whose double arches joined by a common,
central abutment, give the structure a distinctive look (Figure 5). After the Grande Dixence
and Mauvoisin dams, the 200 m barrier was broken, notably by the arch dams of Luzzone
(T1/1963/1997/H = 225 m) and Contra (TI/1965/H = 220 m) (Figure 6) in Ticino. The latter
was designed by Giovanni Lombardi (1926-2017).

Utilizing primarily the core scientific and rational developments established by Karl Terza-
ghi, the founder of soil mechanics, the construction of several embankment dams was
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Figure 5. The double-arch Hongrin dam (H = 125/90 m).

undertaken. In addition, on the initiative of Eugen Meyer-Peter (1883-1969), the ETHZ cre-
ated an institute for foundation engineering and soil mechanics, whose research has proven to
be of great use. The embankments at Marmorera (Castiletto), (GR/1954/H = 91 m), Gosche-
neralp (UR/1960/H = 155 m), and Mattmark (VS/1967/H = 120 m) are the largest embank-
ment dams built in Switzerland (Figure 7).

Figure 6. The Contra arch dam (H = 220 m).

From 1980, new constructions integrated into hydroelectric schemes became less common.
The largest are the structures in Solis (GR/1986/H = 61 m) and Pigniu (GR/1989/H = 53 m).
However, to better operational conditions and ensure improved energy transfer, the arch dam
at Mauvoisin (VS) was raised by 13.5 m to reach a height of 250 m in 1991 and the dam at
Luzzone (TI) by 17 m to reach 225 m in 1997. Two pumped-storage projects have been
launched. The first is the scheme at Limmern (GL); here, the construction of the Muttsee
gravity dam (GL /2015/ H = 35) has raised the level of a natural lake, situated at an altitude of
2,500 meters above sea level, by 28 m. During construction of the Nant-de-Drance pumped-
storage hydropower plant (VS), the Vieux-Emosson Dam, built in 1955, was raised by
21.5 m to reach a height of 76.5 m, which has doubled the storage capacity of the reservoir.

Furthermore, several structures with heights between 7 and 30 m have been built to protect
against natural events such as floods and avalanches. In the late 1990s, reservoirs created to
store water with the aim of producing artificial snow began to appear.
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Figure 7. The largest embankment dams in Switzerland: (a) Mattmark (H = 120 m), (b) Géscheneralp
(H = 155 m), and (c) Marmorera (Castiletto) (H = 91 m).

3 REINFORCEMENT AND REHABILITATION WORKS

On a different note, from the early 1980s, attention turned toward old dam structures of all
sizes whose safety had to be reassessed on the basis of modern standards and technological
advances. Depending on the results obtained, it may be necessary to rehabilitate all or some
of the structure elements in order to guarantee its safe operation for many more years. Of
course, there are many reasons why the strengthening and rehabilitation of a dam are neces-
sary. Often, the structure no longer meets the latest stability criteria. The accepted hypotheses
for load on the structure from the initial project may have to be revised. These hypotheses
may concern the weight itself, the distribution of uplift or the induced effects that may occur
during an earthquake. New operational conditions, such as, for example, new flooding levels,
a large accumulation of upstream sediment, or the installation of downstream rockfill may
also have an impact on load. Several different types of rehabilitation works are possible and
may sometimes be combined. Possible interventions reinforcement and rehabilitation interven-
tions are:

* Dam heightening
* Complete rehabilitation of all structures
» Treatment of facing

— Laying membrane

— Asphalt facing

— Concrete cover, gunite

* Rehabilitation of dam body (concrete, embankments)
— Grouting
— Sealing
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* Reinforcement of downstream toe
* Foundation treatment

— Grouting

— Drainage

* Flood safety
— Modification of the spillway
— Modification of the crest
— Creation of a parapet wall

¢ Drawdown of the reservoir
— Transformation of the bottom outlet
— Implementation of a new bottom outlet

In the case of the Maigrauge dam (FR/H = 22 m), commissioned in 1872, the rehabilitation
project was designed to improve safety in case of flooding by uprating the spillway, improving
the dam’s structural safety with the installation of prestressed rock anchors, and optimizing
operating conditions with the modification of water intakes. Furthermore, the monitoring
system was modernized. And last but not least, a ladder including a lift was constructed for
fish to migrate upstream past the dam and a series of channels and pools were added for
downstream migration. These works were carried out from 2000 to 2004. When the stress and
stability assessment demonstrate that safety conditions are not being met, drawing down the
reservoir or reinforcing the dam becomes inevitable. For the Giibsensee dam (SG/1900/H =
24/17 m), the chosen solution was to install post-stressed cables. As for the concrete dams at
Muslen (SG/1908/H = 29 m) and List (SG/1908/H = 29 m), their upstream and downstream
faces were covered with a concrete shell while the height of the crest was also raised in order
to increase the volume of the reservoir and thus optimize hydropower generation.

Remedial work may become necessary if the material at the core of the dam has suffered
from major internal damage, due, for example, to swelling caused by an alkali-aggregate reac-
tion (AAR), which can significantly impact concrete characteristics. To limit the development
of this type of swelling, the upstream face of the Illsee dam (VS/1923-43/H = 25 m) was lined
with a PCV geomembrane, and the Lago Bianco Sud dam (GR/1912-42/H = 26 m) was lined
with a membrane comprising a synthetic liquid applied in successive layers. At the Illsee dam,
the system put in place did not prevent water penetration via the foundation and thus did not
slow the swelling phenomenon. Concrete drying measures were also taken without success.
Vertical sawing cuts into the concrete are still to be done in order to relieve the stresses in the
dam. After being commissioned in 1952, monitoring of the behavior of the Serra arch dam
(VS/1952-2010/H = 25.7 m) was principally carried out through geodetic measurements and
leveling. Concrete in the Serra dam, affected by an alkali-granulate reaction (AAR) leading to
the swelling of the concrete, resulted in irreversible upstream deformation, accompanied by an
uplift to the dam and diffuse cracking. Rehabilitation of the structure was necessary, as the
gradual deterioration in its conditions of use and safety had been highlighted. The rehabilita-
tion solution that was chosen consisted in building a new dam downstream of the original one
(Figure 8). The partial and necessary demolition of the downstream toe of the old dam
enabled a new and more favorable geometry to be determined. From a structural point of
view, the Serra dam is close to a double-curved arch dam (SwissCoD, 2017b).

In the 1930s, the designers and builders of the Spitallamm dam (BE/1932/H = 114 m) did
pioneering work. The dam near the Grimsel pass is one of the first large arch-gravity dams.
The Seeuferegg gravity dam (BE/1932/H = 42 m) was built at the same time as the Spitallamm
dam. These two dam walls created the reservoir of Lake Grimsel. In the 1960s, detailed exam-
inations and checks revealed that the Spitallamm dam had a vertical crack in its core. In fact,
the crown and the concrete of the downstream face of the Spitallamm dam had started to sep-
arate from the rest of the dam. Initially, it was decided to carry out the necessary rehabilita-
tion work as part of the possible raising of the two Grimsel dams. Due to a possible alkali-
aggregate reaction, the operator decided not to rehabilitate the dam and, in the fall of 2015,
started the planning work for a new dam. In June 2019, the construction of a new double-
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Figure 8. Serra Dam during reconstruction: new arch dam in front of the old dam before its partial
demolishing.

Figure 9. Spitallamm dam under construction in front of the existing arch-gravity dam (Courtesy
A. Schleiss, 2022).

curved arch dam located immediately in front of the old dam began. The old Spitallamm dam
will be left as it is and will subsequently be submerged (Figure 9).

In cases of significant deterioration due mainly to frost, both faces must be treated. For
example, around 1983, after damaged zones had been scored, the surface of the upstream face
of the Schrih dam was covered with lightly reinforced shotcrete to a depth of 8 to 12 cm. In
another example, wet shotcrete was applied across practically the whole surface of the
upstream face of the Cleuson dam between 1995 and 1998. The affected area had previously
been stripped by hydro-demolition. The bond between the base concrete and the sprayed con-
crete was guaranteed by a grid with mushroom-shaped anchoring bolts made of 12-mm-
diameter reinforced steel placed at 4 bolts per m>.

After severe flooding in 1978 in Ticino and the blockage of the spillway channels at the
Palagnedra dam (TI/1952/H = 72 m) by the massive piling up of driftwood (Figure 10) (Swiss-
CoD, 2017a), the supervisory authority reviewed general safety criteria in cases of flood and
asked for an investigation into the safety requirements to be carried out. It is important to
note that in the Alps, floods can strike with devastating speed. For many dams, spillways or
crests had to be modified, or a large parapet wall had to be added so as to provide increased
retention capacity.

Studies have shown that during major flooding events, reservoirs attached to hydroelectric
schemes contribute substantially to the reduction of peak flooding levels, due to their capacity
for retaining water, even though that is not their primary function. In order to increase
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Figure 10. Blocked passes at the Palagnedra dam (T1) during the flood on August 7, 1978.

protective measures against flooding events downstream of a dam, without having to restrict
production of hydroelectric power, one option is to transform a single operation into
a multipurpose operation. The idea is to create an additional volume in the upper part of the
reservoir that can be used hold a specific volume of water in cases of flood. Such a project was
completed in 2001 for the Mattmark embankment dam by adapting the side weir spillway.
Other proposals are also being considered.

In Switzerland, the general rule is that all dams must be equipped with a bottom outlet to
empty the reservoir in cases of abnormal dam behavior or lower the water level for mainten-
ance to be carried out. Due to insufficient capacity or obsolete equipment, some structures
had to be completely transformed or a new bottom outlet had to be created. For example,
a gallery was drilled into the foot of the Schrah dam (SZ/1924/H = 111 m). To ensure compli-
ance, a bottom outlet was created in the Illsee dam (VS/1924-43/H = 25 m) by utilizing
a gallery that had originally been used to lower the level of the natural lake at the time the
dam was being built. In other cases, gates have simply been replaced or a new gate added.

Geodetic measurements carried out between 1921 and 1937 had already highlighted weak plas-
tic movement perpendicular to the bed of the downstream section of the left-bank abutment of the
Montsalvens dam (FR/1920/H = 52 m). As this movement continued, additional monitoring
devices (pendulum, extensometers) were installed in 1969 in order to ensure more systematic
reporting of the behavior of the downstream zone. Analyses carried out later showed that the state
of equilibrium was situated at the limit of elastic behavior. Strengthening works were decided on
out of a fear that the deformations would only continue to intensify or that a rockfall would be
caused by a seismic shock. Works on the left abutment were designed with two objectives in mind;
firstly, bolts sealed with cement grout were applied to a concrete sprayed surface to protect the
valley flanks against the risk of rock fall, and secondly, reinforced bars sealed completely into the
rock with cement grout were designed to increase resistance to shearing along bedding planes. At
the Pfaffensprung dam (UR/1921/H = 32 m), it was not known how long existing anchors would
hold downstream of the left bank abutment, so it was decided that additional prestressed anchors
would be installed with a system that enabled their tension to be controlled at all times.

4 DEALING WITH RESERVOIR ISSUES

4.1  Reservoir surroundings

It is of the utmost importance to monitor the behavior of banks and slopes, as instabilities can
occur, sometimes without any direct connection to activity at the reservoir. For example,
upstream of the Mauvoisin dam, a crack was observed in a mountain road running alongside
the reservoir. Snowmelt had saturated scree in the area, which had slipped in sections of differ-
ing depths. A monitoring system (geodetic measurements, inclinometric measurements from
boreholes) was set up, and a limited water level was set while the zone was still unstable. Simi-
larly, experts inspected several glaciers in order to ensure that large sections of material did
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not break off and end up in the reservoir. With progressing climate change, it has to be
expected that the risk of instabilities of reservoir bank and slopes will increase.

4.2 Sedimentation

Due to climate change and its consequences (glacier retreat, the zero-degree line and permafrost
levels rising in altitude, increased precipitation), an increase in the arrival of solid materials into
alpine lakes must be expected. Solid materials issuing from soil erosion are transported toward
water reservoirs in watercourses by bed load or suspended load. Whether this material settles in
a particular place or spreads out into the reservoir depends on its size. This deposited sediment
has a direct impact on the operation of the overall storage scheme, as well as on the safety of
the dam. With regard to operation, this will above all be manifested in a loss of usable storage
capacity. According to estimations, at a global level this reservoir volume loss is between 1 and
2% per year. Based on an analysis of 19 reservoirs (Beyer, Portner, and Schleiss, 2000), it is in
the order of 0.2% for alpine storage schemes in Switzerland. The siltation of reservoirs can
affect the lifetime of a dam. With regard to safety issues, there is a considerable risk of water
intakes and bottom outlets in particular being obstructed. These situations must be avoided.
For bottom outlets to remain operational at all times, a free space directly upstream of the dis-
charge system must be guaranteed. For various reasons, it is vital that an appropriate amount
of this deposited sediment be periodically removed. Several means for limiting the arrival of
sediment into reservoirs already exist (settling basins, diversion galleries, sand traps, etc.). Sedi-
ment by-pass tunnels are successfully in operation at several dams (Palagnedra, Pfaffensprung,
Rempen, Runcahez, Solis) with more that 100 years of experience at Pfaffensprung dam (Boes,
2015). In many cases (Gebidem, Rempen, Palagnedra, Luzzone, etc.), a program of periodic
flushing takes place in accordance with a predefined schedule. The legal basis regarding the pro-
tection of water establishes the terms relative to the flushing and emptying of reservoirs.

Specifically, it is important to ensure that as far as is possible flora and fauna in the river
downstream are not harmed during these operations. Furthermore, except in extraordinary
events, permits are issued by the relevant cantonal authorities, some of which have established
regulatory requirements. In the future, designers and operators will be required to take effective
measures for preventing reservoir sedimentation. In alpine reservoirs, turbidity currents that
form during floods are responsible for the transportation of considerable amounts of fine par-
ticles of sediment along the reservoir. Turbidity currents, which are like underwater avalanches,
also erode sediment that has already been deposited, bringing it nearer to the dam itself where
it is more likely to block the entrance to bottom outlets or water intakes (Schleiss and Oehy,
2002; Oehy and Schleiss, 2003). The increase in reservoir sedimentation can force operators to
undertake substantial work in order for these structures to retain their primary functions. For
example, at the Mauvoisin dam, the water intake had to be raised by 38 m and the bottom
outlet by 36 m by building new intakes and gate chambers. Many other cases also exist.

Fine sediment, principally transported along the bottom of the reservoir by turbidity currents,
can contribute to more than 80% of sedimentation in alpine reservoirs. In addition to controlling
turbidity currents in reservoirs through the use of obstacles (Oehy and Schleiss, 2003), the deposit
of fine material in the vicinity of the dam can be avoided by venting it through bottom outlets.
This approach is economically and environmentally beneficial. Artificial flood releases combined
with sediment replenishment downstream of dams can work together with this venting of fine
sediment and restore, as well as dynamize, bedload transport in the river downstream (Doring
et al., 2018). Another promising option for the management of fine sediment is by using water jet
installations in the reservoir near the dam to ensure its suspension before evacuating it at con-
trolled concentrations through the powerhouse intake (Jenzer, Althaus et al., 2011).

5 BRIEF REMINDER OF THE LEGAL BASES

As regards the safety of dams, the Swiss supervisory authority has two goals. Firstly, that of
ensuring the safety of the dam and therefore that of the population, and secondly, of ensuring
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the safety of the operation itself. From a historical point of view, the June 22, 1877 Water
Regulation Act amended in 1950 outlines the provisions relating to dam safety. It stipulates in
one of its primary articles that concerning dams the Federal Council must take all necessary
measures to prevent, insofar as is possible, any danger and damage that may result from their
means of construction, their inadequate maintenance, or from acts of war. Currently, the
legislative basis includes an act on dams (WRFA, 2010) in effect since 2013, accompanied by
an ordinance (WRFO, 2012). In addition to the terms relating to their safety, the act intro-
duces the notion of civil liability due to the risks.
In terms of scope, the act (WRFA, 2010) specifies that the liability applies:

* To dams whose water level H above the low-water level of the watercourse or the thalweg
(reservoir height) is at least 10 m, or

« If this water level is at least 5 m, for those whose reservoir capacity is higher than
50,000 m?

* To dams of smaller dimensions, if they represent a specific potential risk for people and
property; otherwise they are exempt.

6 MEASURES TO GUARANTEE PUBLIC SAFETY

Following the bombing of German gravity dams located in the Ruhr valley by the English air
force during the nights of May 16 and 17, 1943, Swiss military and civil authorities were con-
cerned about the vulnerability of dams to acts of war or sabotage. An initial measure introduced
in June 1943 was to suspend a cable above dams as a means of protection against airplanes. In
September 1943 the Federal Council, who had worked quickly on the legislation, announced an
ordinance whose provisions covered active and passive dam protection measures against
destruction in times of war, the use of reservoirs, and the lowering of their level, as well as the
installation of an alarm system. It was decided that sirens would initially be installed in the near
zone—the area subject to flooding 20 minutes after destruction of the dam. A list of dams that
had to be equipped with the alarm system was published in late November 1943.

In 1945 the Bannalp (NW/1937/H = 32 m) and Kloéntal (GL/1910/H = 30 m) embankment
dams were the first to be fitted with the flood wave alert system. The regulation concerning
dams that came into effect in July 1957 gave a legal basis to the recommendation that alarm
systems should be installed. However, this system still needed to be improved, and a technical
committee was mandated to establish the terms of reference for a new system. A more con-
crete definition of the flood wave alert system was introduced in the 1957 version of the regu-
lation concerning dams. For the first time, the near zone identified was extended to 2 hours
and a far zone was designated. The alarm systems for each zone are different. In addition, it
was decided that the flood alert system would also be used in peace time and extended to all
other possible hazards to dam safety. The introduction of degrees of preparation and the def-
inition of criteria for the triggering of the flood alert system were also new elements.

7 LOOKING TO THE FUTURE

The saga of the construction of large dams in Switzerland is now practically over, as the tech-
nically most interesting sites are mostly exploited. The most recent major dam project in
Switzerland was the heightening between 1995 and 1997 of the Luzzone arch dam, built in the
early 1960s and whose height was increased from 208 to 225 m. Another large-scale project
concerning the raising of the Grimsel reservoir level by 23 m (Spitallamm and Seeuferegg
dams) is under study and should come to fruition.

In order to support the energy transition defined by the 2050 energy strategy, the Swiss gov-
ernment organized a round table in 2021, including civil society, to define projects with the
objective of ensuring the security of energy supply in winter while preserving biodiversity and
the landscape. With the aim of increasing the flexible production of storage facilities in winter
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by at least 2000 GWh until 2040, the participants agreed on a list of 15 priority projects. This
list includes three new dams in valleys freed up by the retreat of the glaciers (Figure 11), e.g. the
future Trift dam, and the rest are extensions of existing facilities, including dam heightening.

Figure 11. Photomontage of the future 180 m high Trift dam, which uses the already freed valley by
glacier retreat. Above: with empty lake with glacier position today. Below: with full lake (Curtesy KWO).

These last examples show that the field of dams remains attractive for designers, builders
and operators. Indeed, by the diversity of its assignments, it offers interesting perspectives not
only for projects of transformation or modernization of existing works, but also for new pro-
jects. It is also a question of ensuring the good health of the existing works.

With the aging of structures and equipment, some problems must be examined, such as the
evolution of mass concretes (long-term creep, alkali-aggregate reaction) or the behavior of
foundations (development of under-pressures, preservation of networks of drainage).

In the short term, the monitoring and maintenance of dams of all sizes remain essential tasks
in order to guarantee their safety. While the organization of these activities for large and medium
structures has been in place for many decades, that of small structures still needs to be regulated.
With regard to hydroelectric developments, the future of hydraulic power is part of the frame-
work of sustainable development. Several socio-economic and ecological parameters will influ-
ence operators in their future investments, namely the opening of the market, the evolution of
supply and demand, electricity prices and construction costs, hydraulic royalties and politics.

First of all, many concessions are coming to an end. When renewing them, assessing the
safety of structures that are sometimes dilapidated is a necessary phase which in most cases
leads to having to consider major reinforcement and rehabilitation work, or even the replace-
ment of the electromechanical equipment of the landfill structures. Other measures can be
taken before this deadline to proceed with the modernization and optimization of existing
installations. The idea of raising a dam to increase the capacity of its accumulation basin is
a realistic option. Pumped storage projects are back in the news. They have the advantages of
storing hydraulic energy and recovering the basic energy of non-adjustable power stations
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(thermal, solar, wind) produced outside consumption hours. Some thirty potential sites were
assessed during the 1970s. Today, efforts are being made to combine this type of structure
with existing storage facilities by equipping them with new water supply systems and increas-
ing the retention capacity. For example, the Nant de Drance pumped storage project, which
operation started in 2022, uses the difference in level between the Emosson (VS/ 1974/H =
180 m) and Vieux Emosson (VS/1974/2017/H = 76.5 m) reservoirs.

Although the majority of reservoirs were created with a view to producing hydraulic
energy, the construction of water storage basins for the production of artificial snow devel-
oped strongly towards the end of the 1990s. These structures are generally located outside the
river, on a flat area or on the side of a hill; much of the artificial basin can be made by excava-
tion. Given the local conditions and the availability of materials, the use of an embankment
dam is frequent. There is no doubt that ski lift operators will still continue to use this means
to guarantee the snow cover of the slopes as well as possible. Finally, hydraulic development
can also promote the creation of biotopes and recreational areas.

Every year natural disasters (floods, avalanches, debris flows) cause substantial damage and
result in considerable costs. The increased need for safety will lead to the design and construc-
tion of new protection systems including flood retention works and anti-avalanche dikes.
Some protective measures will be revisited, improved, or completed. In Switzerland, reservoirs
for existing hydroelectric schemes are generally speaking single-purpose reservoirs. They can
be converted into multipurpose reservoirs by setting aside a clearly specified storage volume
for retaining water during floods. This solution has already been implemented in certain cases
and others may well follow. Various solutions are possible for maintaining the available cap-
acity of reservoirs when necessary, including dam heightening, creating a supplementary con-
nected reservoir, or by adding a seasonal pumped-storage system. It is possible to refer to
a flood forecasting model so as to better manage reservoirs. The canton of Valais has taken
this approach and developed the Minerve project, which simulates the overall hydraulic
behavior of catchment areas and hydropower schemes in Valais. The model is designed to
help cantonal officials make decisions (Garcia Hernandez et al., 2011, 2014; Jordan et al.,
2008; Raboud et al., 2001).

Ongoing research and development over many years has led to technological advances.
Various problems have been tackled such as safety under dynamic loading during earth-
quakes, extreme flood events, the long-term behavior of dams, and the behavior of foun-
dations. Of course, these issues have not yet been fully resolved. Problems related to
safety and the overall behavior of dams continue to occupy researchers in such domains
as the behavior of overtopped dams, the long-term behavior of facing and drainage, and
reservoir sedimentation. The development of data collection and methods for analysis
and data measurement continue to be used in the monitoring of dams. And finally, new
and increasingly applied construction methods, such as roller compacted concrete (RCC)
and cemented soils, are the focus of specific studies. Swiss expertise in the field of dams
is recognized internationally and can thus be employed elsewhere in the world. Global
demand for the construction of hydraulic schemes and dams in particular is high and
will continue to grow. Logically, the strategy which should be implemented is one that
looks outward (Schleiss, 1999). Swiss industry and engineering are capable of achieving
this vision thanks to more than one hundred years of experience in hydraulic construc-
tion and the international renown garnered since the 1960s by the construction of over
180 large dams outside of Switzerland.

ABBREVIATIONS OF SWISS CANTONS

ZH Zurich, GL Glarus, AR Appenzell Outer-Rhodes, VD Vaud, BE Bern, ZG Zug, Al Appen-
zell Inner-Rhodes, VS Valais, LU Lucerne, FR Fribourg, SG St. Gallen, NE Neuchatel, UR
Uri, SO Solothurn, GR Grisons, GE Geneva, SZ Schwyz, BS Basel, AG Aargau, JU Jura, OW
Obwalden, BL Basel Disctrict, TG Thurgau, NW Nidwalden, SH Schaffhausen, T1 Ticino.
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Outstanding past Swiss dam engineers

Willi H. Hager
VAW, ETH Zurich, Ziirich, Switzerland

ABSTRACT: Switzerland is a country rich in waterpower, yet without hardly any other
resources. The electricity production, therefore, was based on hydropower a long time ago. To
store energy, dams are key structures for hydropower schemes. For both low and high head
dams these were provided by keen engineers who oversaw the activities relating to dam con-
struction. This paper highlights five selected engineers having significantly contributed to
Swiss dam engineering. Of relevance is of course their role within the Swiss National Commit-
tee on Large Dams.

RESUME: La Suisse est un pays riche en énergie hydraulique, mais sans pratiquement aucune
autre ressource. La production d’électricité était donc basée sur I’énergie hydraulique il y a
longtemps. Pour stocker 1’énergie, les barrages sont des structures clés pour les projets hydro-
électriques. Pour les barrages a basse et haute chute, ils ont été fournis par des ingénieurs pas-
sionnés qui ont supervisé les activités liées a la construction de barrages. Cet article met en
lumiére cinq ingénieurs sélectionnés qui ont contribué de maniére significative a I'ingénierie
des barrages suisses. Leur role au sein du Comité national suisse des grands barrages est bien
stir pertinent.

1 INTRODUCTION

Although hydropower remains the largest renewable electricity technology by capacity and gen-
eration, the current capacity growth trends are insufficient to place it on the trajectory under the
Net Zero Scenario. Reaching about 5700 TWh of annual electricity generation by 2030 will
require a 3% average annual generation growth between 2021 and 2030, which appears add-
itionally challenging when considering the accelerating disturbances to the water availability
caused by the climate change and an ageing fleet of hydropower plants. On the capacity side, an
average of 50 GW of new hydropower plants needs to be connected to the grid annually until
2030, which is more than twice the average of the past five years. Much greater efforts, especially
in developing and emerging markets, will be globally required to achieve that pace of growth.

Thanks to its topography, geology and high levels of annual rainfall, Switzerland has ideal
conditions for the utilization of hydropower. Starting in 1892 with the first plant for electricity
generation installed in St. Moritz, hydropower underwent an initial period of expansion, and
between 1945 and 1970 it experienced a genuine boom during which numerous new power
plants and low-head dams were commissioned in the Swiss Plateau, together with large-scale
storage plants and reservoir dams in the Alps.

Based on the estimated mean production level, hydropower still accounted for almost 90%
of domestic electricity production in 1970, but this figure fell to around 60% by 1985 following
the commissioning of Switzerland’s nuclear power plants, and is now around 57%. Hydro-
power therefore remains Switzerland’s most important domestic source of renewable energy.

Today there are nearly 700 hydropower plants in Switzerland having a capacity of at least
300 kW, producing an average of around 37,260 GWh/y, 48% of which is supplied both by
run-of-river power plants, and by storage power plants, whereas 4% by pumped storage
power plants (from natural inflow only). 63% of hydroelectricity are generated in the
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mountain cantons of Uri, Grisons, Ticino, and Valais, while Aargau and Bern also generate
significant quantities. 11% of Switzerland’s hydropower generation comes from facilities
located on water bodies along the country’s borders. The hydropower market is worth around
1,8 billion Swiss francs and is therefore an important segment of Switzerland’s energy industry
(Bundesamt fiir Energie 2021). Figure 1 shows a top view of the beautiful Hongrin Dam and
its Veytaux emergence structure located on the shores of Lake Geneva.

A

™

Figure 1. (up) Hongrin Dam in Canton of Vaud, (down) Veytaux I emergency outlet into Lake Geneva
https://www.alpiq.ch/energieerzeugung/wasserkraftwerke/pumpspeicherkraftwerke/hongrin-leman;
https://www.raonline.ch/pages/edu/nw3/power0lada7.html.

This paper deals with engineers at the heart of the early dam engineering knowhow in Switzer-
land. Five selected portraits are provided who mostly have a close relation to the Swiss National
Committee on Large Dams. In addition to the main projects realized, their input to the Swiss engin-
eering organizations is provided, and their roles as technical and human leaders is highlighted.

2 THE SWISS COMMITTEE ON DAMS

The Swiss National Committee on Large Dams (SNCOLD) is a private association represent-
ing the Swiss dam community within the International Commission on Large Dams (ICOLD).
The committee’s objective is to promote construction, operation, maintenance and monitoring
of hydraulic structures and their environment. To achieve this goal, it unites specialists from
various branches of dam technology offering them a platform to discuss experiences, publish
technical papers and organize symposia and workshops related to dam engineering.

Based on a loose union of five Swiss dam engineers, the Swiss Dam Commission
was established in 1928. On December 20, 1948, Henri Gicot chaired the founding
assembly of the SNCOLD. It comprised 68 members, many of them from industry and
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electric utilities. During the 1950s, important dams were built, among which Grande
Dixence (PG), Mauvoisin (VA), Moiry (VA), Goscheneralp (ER), Valle di Lei (VA),
Albigna (PG), Luzzone (VA) or Malvaglia (VA). Typical topics of discussion were
then the vulnerability under military attacks or frost resistance of mass concrete.

Switzerland counts some 1200 dams, of which most are small, however. About 225 dams
are under the direct supervision of the Swiss Federal Office of Energy in view of their dimen-
sions and the potential dangers they may include. 162 dams meet the criteria for large dams
established by the International Commission on Large Dams (ICOLD).

Based on the number of dams under federal supervision, the dam density in Switzerland is
more than 5 dams per 1000 km?>. Most of these dams are key elements of major hydropower
schemes. 80% of the dams are in mountainous regions. The construction of the schemes was
vital for the development of these economically less favorable areas.

Dam construction in Switzerland has a long tradition. The oldest dam under federal super-
vision is the 15 m high Wenigerweiher embankment in the city of St Gallen. It was constructed
in 1822 for the energy supply of nearby industry and currently is still impounded and in use,
serving ecological purposes nowadays by creating an amphibian spawning area of national
importance. Most of the dams taken into service in the 19 century were located close to cities
because it was either prior to the invention of electricity or then difficult to transfer electricity
over long distances. An example is the Maigrauge Dam, a roughly 20 m high gravity dam
built in 1872 on the Sarine River slightly upstream of Fribourg city. The dam is currently also
still in operation for hydropower use and has greatly contributed to the economic develop-
ment and the prosperity of the city.

The first dams in the Alps were built starting from 1900. This includes the 112 m high
Schrah Dam commissioned in 1924, then being the highest dam worldwide. The real start of
Swiss dam development initiated after WWII, however. 86 large dams were commissioned
between 1947 and 1970, four of which being higher than 200 m:

— Mauvoisin Arch Dam (1957), 237 m high, raised to 250 m in 1990;

— Grand Dixence Dam (1961), 285 m high, still the highest gravity dam worldwide;
— Luzzone Arch Dam (1963), 208 m high, raised to 225 m in 1998;

Contra Arch Dam (1965), 220 m high.

The large Swiss dams are mainly concrete structures; only the Goscheneralp Dam (155 m)
and the Mattmark Dam (117 m) are rockfill dams higher than 100 m, followed by the
91 m high Marmorera earthfill dam.

Some 90% of the technically feasible hydropower potential is currently in operation. The
remaining 10% is difficult to achieve for economic reasons and because of increased conflicts
of interests. One of the major challenges of current dam engineering in Switzerland is to cope
with aging of the large fleet of existing dams at the highest level of safety. The Swiss Commit-
tee on Dams (2011) portrays the main Swiss dams including the name, the owner, the dam
purpose, the type of foundation, various technical data, a short history, and further technical
specifications of interest. Each dam is also described with a plan view and a cross-section, plus
its location in Switzerland, and a full-page photo.

The main purpose of this paper is the presentation of five outstanding past Swiss dam
engineers, who have greatly contributed to the technical development of Swiss dams and its
electricity potential. These personalities include:

— Guillaume Ritter, hydraulic engineer and designer of the first concrete dam in Europe at
Maigrauge on the Sarine River

— Heinrich Eduard Gruner as a pioneer in dam engineering, realizing together with Alfred
Stucky the Montsalvens Dam as the first arch dam of Europe

— Alfred Stucky, professor of hydraulic engineering at the Ecole Polytechnique Universitaire
de Lausanne (EPUL) and founder of its hydraulic laboratory, with publications for the
design of dams

— Henri Gicot, designer of many arch dams and the first dams with either parabolic or elliptic
arches
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— Giovanni Lombardi introducing the Lombardi slenderness coefficient characterizing an
arch dam, and criteria for dam cracking.

3 PORTRAITS OF SWISS DAM ENGINEERS

3.1 Guillaume Ritter

Ritter was born in Neuchatel in 1835 to Alsatian parents; he died in Monruz near Neuchatel
in 1912 (Anonymous 1913; Walter, 1977; Vischer 2001). After basic schooling in Neuchatel,
he entered Ecole Centrale des Arts et Manufactures in Paris, graduating in 1856 with
a diploma as Ingénieur constructeur (civil engineer). Subsequently, he devoted himself in Neu-
chatel specifically to projects of urban water supply and industrial hydropower. One of the
extraordinary projects dealt in 1872 with the hydroelectric power plant on Sarine River near
Maigrauge (German: Magerau).

Ritter was considered an enthusiastic and inspiring innovator. The plant near Maigrauge
was the second major Swiss power plant after that on the Rhine in Schaffhausen. It supplied
Fribourg with a network of rope transmissions and a pressurized water network. Electrifica-
tion did not take place until 1891-1895. With a height of 21 m, a crown length of 195 m and
a dam capacity of 1 million m®, the Sarine Dam was a novelty in Switzerland. Ritter was the
first in Europe to use concrete as a building material, after it had been used for the first time
for American dams just a few years earlier. His financially and technically most complex pro-
posal did not get beyond the planning and acquisition stage. It was the water supply of Paris
from Lake Neuchatel, involving a 37 km base tunnel under the Swiss Jura and a 470 km long
pipeline. Ritter expected construction to begin in 1900, the need of 400 million Swiss francs in
investment costs by financing until the year 2000.

3.2 Heinrich Eduard Gruner

He was born in 1873 in Basel, passing away there in 1947. His family was a true engineering
household. He obtained the civil engineering diploma from ETH Zurich, undertook then
study tours to Saxony, England, and the USA, starting his engineering career in 1914 at his
father’s office. His first project involved the Laufenburg Power Plant on the Rhine River
upstream of Basel, where he headed the local works. He there collected his first practical
experiences, applying these later to similar projects including the Eglisau and the Ryburg-
Schworstadt low-head dams, both also located on the Rhine River (Hager 2003).

He and his collaborator Alfred Stucky designed around 1920 the first Swiss arch dam at
Montsalvens in Canton Fribourg, of 55 m height. Gruner also realized the importance of the
scientific hydraulic modelling, being one of the financial supporters of the ETH Hydraulic
Laboratory taken into service in 1930 under its director Prof. Eugen Meyer-Peter (Hager et al.
2021). Later, Gruner’s main activities were in Iran, improving there the irrigation techniques,
and in Egypt as a member of the Commission for the second Aswan Dam. He was in addition
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the first Swiss delegate of ICOLD. Gruner was awarded the honorary doctorate from ETH
Zurich in 1930, and was since 1925 a member of the American Society of Civil Engineers
(ASCE). Mommsen (1962) gives a detailed and historically interesting account of the Gruner
engineering family.

3.3 Alfred Stucky

He was born in 1892 in La Chaux-de-Fonds (NE) and passed away in Lausanne (VD) in 1969.
Stucky was a true expert in hydraulic engineering during the golden ago of hydropower. After
having graduated at ETH Zurich in 1915, he joined the engineering office of Gruner in Basel.
In parallel, he submitted to ETH Zurich in 1920 a PhD thesis on arch dams. He was appointed
hydraulic engineering professor at EPUL in 1926. He founded the EPUL Hydraulic Labora-
tory in 1928 and initiated his private engineering office in parallel to his commitment at
EPUL. Stucky further acted as EPUL president from 1940 to 1963, when retiring from EPUL
and concentrating on consulting work until his passing (Hager 2003).

Stucky’s career was threefold as hydraulic engineer, researcher in dam engineering and as the
organizer of the engineering school. Based on his PhD, he initiated the design of arch dams in
Switzerland. He was an expert of the Italian Gleno Dam disaster of 1923 (Stucky 1924). Stucky
also investigated sea wave forces on vertical walls in his laboratory, based on his international
expertise. In 1936, his interest into surge tanks started, culminating in a text book (Stucky 1962).

He was in addition largely involved in the Grande Dixence Dam, currently still the largest gravity
dam worldwide. He also was for 20 years president of the technical journal Bulletin Technique de
la Suisse Romande. He was awarded the honorary doctorate degree from ETH Zurich in 1955,
among many other distinctions for his outstanding engineering career.

3.4 Henri Gicot

He was born in 1897 in Le Landeron (NE) passing away in 1982 in Fribourg. After having
completed his civil engineering studies at ETH Zurich in 1919, he joined as previously did
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Stucky the engineering office Gruner in Basel. From 1927 to 1971, he owned his engineering
office in Fribourg. In addition, Gicot was the president of the SNCOLD from 1948 to 1961,
and from 1953 to 1967 a member of the ETH Board. He was in addition an expert of the
World Bank active in Asia and South America.

Gicot became internationally known as a dam engineer for the Rossens Dam built on
Sarine River from 1944 to 1948. He was in addition also responsible for the Montsalvens
Dam close to Broc (FR) built on the Sarine River from 1919 to 1921, the Gebidem Dam
below the Aletsch Glacier from 1949 to 1950, the Delcommune Dam in the Belgian Congo
from 1950 to 1952, the Vieux Emosson Dam from 1954 to 1955, Zeuzier Dam from 1955 to
1957, Schiffenen Dam from 1960 to 1964, and the beautiful Hongrin Dam built from 1964 to
1968 (Figure 1). He was awarded the honorary doctorate degrees from the University of Fri-
bourg in 1962, and of ETH Zurich in 1968 (Schnitter 1982).

Atw

He was born in 1926 in Lugano (TI), passing away in 2017 in Monte Carlo, Monaco. Lom-
bardi was an internationally renowned civil engineer who was an outstanding expert in tunnel
and dam projects. He graduated in 1948 from ETH Zurich as a civil engineer obtaining in
1952 the PhD title with a work on slender arch dams. He founded in 1955 with G. Gellera the
engineering office Giovanni Lombardi PhD Consulting Engineers in Lugano, from 1989
a stock corporation and renamed in Lombardi AG Consulting Engineers in Minusio (TT).

His firm’s projects included numerous tunnels, such as the Gotthard Road tunnel or the Got-
thard Base Tunnel. Other projects were dams in the Verzasca Valley in 1965, also known as
Contra Dam, and in the Valle Morobbia (Lago di Carmena), dams in Austria (Kops, Kolnbrein),
Italy (Ridracoli Dam in Emilia-Romagna, Flumendosa Dam in Sardinia) or in Mexico
(210 m high Zimapan Dam). He was a member of the commission to investigate the subsidence
that occurred in 1978 at Zeusier Dam, caused by the neighboring construction of an exploratory
tunnel for a road tunnel in which water ingress occurred, draining the groundwater in the sur-
roundings. From 1979 to 1985 he was president of the Swiss Committee on Dams. He was the
first Swiss president of ICOLD from 1985 to 1988. In 2008 he received the Swiss Award, a prize
for outstanding Swiss personalities. He holds honorary doctorates from EPFL (1986) and the Poli-
tecnico di Milano (2004).

3.5 Giovanni Lombardi
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4 CONCLUSIONS AND OUTLOOK

Switzerland’s history of modern reservoir dams is 200 years old. Starting from small embank-
ments, mainly low-head hydropower dams along rivers were erected in the 19" century. These
were located close to industries because the transmission of electricity remained a problem until
the end of the century. Switzerland, a country without notable treasures of the soil, had to concen-
trate early on energy obtained from hydropower. As an example, most trains were driven from
WWI with electricity, or the so-called white coal, given the absence of conventional black coal.
The large dams were erected after WWII, with dams reaching nearly a height of 300 m. This
intense phase of dam construction activity came to its end around 1970, given that most of the
favorable dam sites had been used.

Switzerland had and still has many outstanding dam engineers, who explored the possibilities to
construct appropriate dam structures to supply electricity and protect against floods. While the
focus was on Switzerland until the 1980s, it has since then shifted to dam engineering worldwide
(Droz 2023), enlarging the scope of the dam purposes also to irrigation and water supply. Still
today, some 50% of the electricity consumed in Switzerland originates from hydropower. The pre-
sent paper presents five selected individuals having greatly contributed to Swiss dam engineering.
They represent all major parts of the country and have been active both in their homeland and
internationally. A short review of their education is provided, along with the main projects of their
professional activity. In addition, important other occupations are presented, such as in national or
international committees, particularly within the Swiss National Committee on Large Dams, who
has reached its 75" anniversary. It is also noted that the Swiss dam engineering will have an active
role in the future, given its relevance for water resources management and society, not least in view
of climate change adaptation and new demand for multipurpose reservoirs (Boes & Balestra 2023).
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Water resources optimisation — A Swiss experience
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ABSTRACT: Historically, during the 20th century and up to the present day, water manage-
ment has evolved significantly. During this period, much progress has been made for better
understanding the importance of water as a vital resource and in implementing appropriate meas-
ures for its management and arbitration. During the 20th century, hydraulic infrastructures such
as dams and reservoirs were built to store and distribute water more efficiently. Climate change
and overexploitation of resources make water management an increasingly complex issue.

RESUME: Depuis toujours, durant le 20e siécle et jusqu’a nos jours, la gestion de I'eau
a évolué de maniere significative. Au cours de ces périodes, de nombreux progrés ont été réal-
isés dans la compréhension de 'importance de 1’eau en tant que ressource précieuse et dans la
mise en place de mesures pour sa gestion et son arbitrage. Au cours du 20e si¢cle, des infra-
structures hydrauliques, telles que les barrages, les réservoirs ont été construites pour stocker
et distribuer I’eau de maniére plus efficace. Les changements climatiques et la surexploitation
des ressources font de la gestion de ’eau un enjeu toujours plus complexe.

1 INTRODUCTION

Switzerland, a country of mountains, streams, rivers and lakes, possesses the most beautiful, the
most priceless of all riches: blue gold! A precious reserve of life and energy in the heart of
Europe. Due to its altitude and the Alpine foothills, more than two thirds of the precipitations
are retained in winter in solid form. In spring and summer, snow and ice turn into liquid. From
time immemorial, man has tried to tame these streams of life. He has fought against water and
its overflow. Above all, he has fought for water and its benefits. The history of the Alpine can-
tons bears witness to these struggles. It is the patient work of damming up the rivers, the extra-
ordinary network of irrigation systems and bisses and the mastery of this energy.

Water management is an important issue. While ensuring long-term sustainability, an inte-
grated approach allows for equitable management and sharing of water resources between
competing uses such as hydropower generation, irrigation, flood protection, drinking water
supply and protection of aquatic ecosystems.

The last century was the epic of dam construction. The titanic struggle in the heart of the
mountains to capture and store the most incredible energy: hydroelectricity. A clean, renew-
able, ecological energy. The production of hydroelectric energy in Switzerland is very import-
ant, as it represents nearly 60% of the country’s electricity production. Storage dams are one
of the key facilities, as they allow water to be stored for later use, whether for hydroelectric
production, to support low-water flows, or to regulate river flows. The large Swiss dams, such
as the Maggia scheme, the Grimsel scheme, the Mattmark embankment dam, the Grande Dix-
ence dam or the Emosson dam, are examples of dams that contribute and will continue to
contribute significantly to electricity production in Switzerland.

At all times, when it has been a question in the past of catching and transferring water,
today of making a better use of water in a difficult energy context, and tomorrow, considering
the predicted climate changes and the necessary arbitration between the various stakeholders,
resource management and optimisation have been, are and will be the challenges, both on the
technical and societal aspects.

DOI: 10.1201/9781003440420-4

39


https://doi.org/10.1201/9781003440420-4

2 CASE STUDIES

Water. . .the original element without which no form of life is possible.
Water. .. Silent and calm, slumbering in the reservoirs.

Water. .. Wild and tumultuous, raging through the turbines.

Water. . . an inexhaustible source of energy

2.1 Grande Dixence

One of the most striking episodes in the conquest of this “white coal” is without doubt the
construction of the Grande Dixence complex. This pharaonic construction site is a jewel of
ingenuity and human courage to develop a unique glacial basin of 350 km?.

Figure 1. Grande Dixence gravity dam.

Since the end of the Second World War, Switzerland has needed energy to meet the demands of
its industrial development. In 1945, the Swiss Federal Water Board drew up a comprehensive
inventory of the country’s hydroelectric potential. Analysing the possibilities in the Rhone basin,
the experts came to the conclusion that there were still a number of valleys that could be exploited
under economically attractive conditions. The Val des Dix soon emerged as the site with the great-
est development potential. This high valley had the ideal geological and topographical conditions
to become a giant reservoir. No human settlements were affected; the only agricultural land was
highland pasture, and above all, the predicted storage capacity was enormous: 400 million m>.

Geologists, hydrologists, topographers and engineers set out to solve two major problems.
On the one hand, to enlarge the existing lake with the Dixence complex built some fifteen
years earlier. On the other hand, to create an catchment network capable of collecting water
from the neighbouring valleys of Mattertal, Ferpécle and Arolla. More than three thousand
men fought this battle until the beginning of the 1960s. A daring and avant-garde project
which today contributes to the well-being of the community.

However, although the sight of this gravity dam, the highest in the world, is impressive, it is
only the tip of the iceberg. The particularity of Grande Dixence scheme, and the genius of its
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Figure 2. Grande Dixence dam under construction.

Figure 3. Grande Dixence dam under construction.

designers, is that it is able to collect the water from 35 glaciers, from the confines of the Zer-
matt valley to the Hérens valley. To bring all this water to the Val des Dix, men had to drill
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the rock before excavating it to create the 75 water intakes and water transfer gallery network
of around 100 kilometres with a gradient of 2 %o along its length. Some important glaciers
such as Ferpécle, Arolla, Z’Mutt and Gorner are located lower than the level of the main col-
lector at an altitude of 2 400 metres. Thus, 4 pumping stations are needed to transfer water in
the main reservoir.

Figure 4. Grande Dixence scheme - longitudinal profile.

Collecting, pumping, and bringing the water from 35 glaciers to the Val des Dix, in order to
use it for power generation, has been a difficult and hazardous task. In recognition of the com-
mitment of previous generations, the real challenge is nowadays to carefully manage this source
of energy and to fully exploit its value. It is a question of finding the best possible match
between the constraints of the installation, the power demands, and the market prices. At first
sight, the problem is simple: fill the Lac des Dix with as much water as possible during the
limited period of glacial and snowmelt. But in reality, it is a headache: it is necessary to take
into account the capacity of the water transfer galleries, but above all of the main collector, to
integrate the variations in the flows of the water intakes, to monitor the meteorological forecasts
and the forecasts of short, medium and long term power demand, to carry out the pumping of
the water collected in the neighbouring valleys during the favourable hours, without forgetting
to return large quantities of water for ecological, tourist and contractual reasons.

Figure 5. Grande Dixence scheme- 3D view.

The hydro-scheme is there to provide high quality energy to supply the market at peak
times. The level of storage in the scheme must be optimised for maximum availability before
periods of high demand. To achieve a satisfactory balance, the optimisation of the summer
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pumped storage energy must be done in relation to the energy produced in the winter by inte-
grating a multitude of parameters. All the data collected allows for optimised management of
the inflows and outflows required to fill the reservoir. The challenge of this high-precision
management is crucial: one million cubic metres of water lost represents more than
four million kWh of energy in winter. The adaptability of the scheme and its development to
the changing contexts is to be noted. The Cleuson-Dixence development with the Bieudron
1200 MW power station corresponds to a quest for power and stabilisation of the power grid.

Figure 6. Bieudron 1200 MW powerplant.

Climate change increases the multiple threats to water availability. The spatial and temporal
pattern of precipitation and water availability is changing. The frequency, intensity and sever-
ity of extreme weather events are likely to increase. Glaciers are melting and natural water
storage is diminishing. In view of this, the project to build a new reservoir, the Gornerli reser-
voir in the upper Zermatt valley, is intended to secure the valley by reducing flooding and pro-
viding a new strategic winter reserve.

2.2 Emosson

At the beginning of the 20th century, engineers had already noticed that the Emosson site was suit-
able for the construction of a large hydraulic reservoir, but because of the limited natural water
inflows and the impossibility, at the time, of collecting water via long galleries and of carrying out
large-scale pumping, the project was not developed until 1953. The preliminary project to use the
waters of the Drance d’Entremont, the Drance de Ferret, the Trient and the Eau Noire to fill this
new retention structure in the Barberine region was launched and discussions were held to obtain
the necessary concessions to carry out this work. At that time, Electro-Watt, which was responsible
for the construction of the Mauvoisin scheme and was awarded the Mattmark water concession in
February 1954, abandoned the “Grand Emosson” project.

Motor Columbus SA d’Entreprises Electriques de Baden founded the company “Usines hydro-
électriques d’Emosson SA” in 1954, which became “Electricité d’Emosson SA” in 1967. The
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Figure 8. Photomontage of the future Gornerli dam.

acquisition of the local community concessions and the extension of the project into French terri-
tory took place at the same time and led to the admission of Electricité de France into the com-
pany in 1955. It took many years to get the administrative apparatus of both countries up and
running and to get the project underway. The project’s interest in the highly sought-after
peak energy quality was undisputed. At the same time as the project was being studied, dis-
cussions were initiated with the Swiss Federal Railways (SBB), whose previously used Bar-
berine reservoir would be flooded. France and Switzerland decided to change the border
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Figure 9. Emosson dam under construction.

line. The wall of the Emosson dam would have been cut in the middle by the Franco-Swiss
border, leaving its right side on French soil and the rest of the structure in Switzerland,
while the Chatelard-Vallorcine hydroelectric power station would have been entirely in
Swiss territory. The agreement of August 23, 1963 made it possible to rectify the Franco-
Swiss border so that the project could be carried out in accordance with the respective inter-
ests of the two States. France and Switzerland proceeded to an “exchange of territory of
equal area” which placed the wall of the Emosson dam entirely in Switzerland and, symmet-
rically, the Chatelard-Vallorcine hydroelectric power station entirely in France. Works
began in 1967 and the plant was commissioned in 1975. The constructions, more than 65%
of which are in Switzerland and 35% in France, constitute an indivisible entity. The author-
ities of the two countries, meeting in the permanent supervisory commission, are also very
diligent in dealing with the problems that arise due to the existence of national borders in
the middle of the installations and the different legislation between the two countries.

Figure 10. Emosson dam.
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The Franco-Swiss Emosson scheme drains water from the French valleys of the Arve and
Eau Noire and Swiss water from the Val Ferret and the Trient Valley. The South Collector,
8.55 km long, collects water from the Lognan, Argentiére and Tour glaciers, which flows
towards the dam gravitationally, via a siphon. The West Collector, 7.95 km long, collects the
water from the Bérard and Tré-les-Eaux valleys at an altitude of 1 990 m above sea level and
conveys it directly into the dam’s reservoir. The East Collector collects water from La Fouly at
an altitude of 1 550 m above sea level. The water comes from the Val Ferret, the Saleinaz and
Trient glaciers and various other torrents. The gallery is 18.3 km long. This water flows into the
Esserts basin. It is either turbined in Vallorcine or pumped into the Emosson reservoir.
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Figure 11. Emosson scheme - 3D view.

Figure 12. Nant de Drance PSP — heightening of the Vieux-Emosson dam — upper reservoir.
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Figure 13.  Emosson dam heightening project — lower reservoir.

The adaptability of the scheme to changes is to be noted. The Emosson scheme responds
also to a constant quest for power and stabilisation of the power grid. The evolution of the
very volatile energy context has allowed the construction of the Nant de Drance pumped stor-
age power station to cope with the intermittence of renewable energies. This project, commis-
sioned in 2022, required the raising of the Vieux-Emosson dam, built in 1956 for the Swiss
Federal Railways (SBB), its reservoir serving as the upper basin, the lower basin being that of
Emosson.

A project to raise the Emosson dam is also under study.

3 CONCLUSIONS

As the two case studies presented demonstrate, the optimisation of water resources is very
multifaceted. In the past, as well as today and in the future, societal issues have been, are and
will be the main development objectives of these large-scale schemes. These experiences can
naturally be called upon to evolve and be applied in other geographical contexts.
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ABSTRACT: Raising the height of existing dams is becoming an increasingly topical issue
in Switzerland. This particular construction method offers a number of environmental, tech-
nical and economic advantages, which are presented in this article. Swiss engineers have been
raising their dams for more than a century, and the article describes the various structures
involved. Finally, a perspective on future dam heightening is offered considering the climate
and energy issues prevailing at the start of the 21°" century.

1 INTRODUCTION

The technology of dam heightening is not recent. In fact, the first known heightening of
a dam in Switzerland during the modern era of dam construction (from the end of the 19'"
century) dates back to 1910 (Maigrauge dam, canton of Fribourg). Throughout the 20" cen-
tury and into the 21° century, no less than a dozen dams have been raised in Switzerland.
Most of these were concrete dams, and the vast majority were gravity dams.

This article begins by outlining the advantages of raising dams and the main issues involved
in this challenging work. The main aim is to increase the storage volume of the reservoir.
However, this is not always the only objective, as will be shown below.

The various heightened dams are presented, highlighting the characteristics and specific features
of each structure. The first part of the publication presents mainly and chronologically heightened
gravity dams, all of which are of moderate size. The second part of the publication deals with the
more recent and much larger scale raising of arch dams. Over the past 30 years, three major arch
dams have been raised in Switzerland: Mauvoisin, Luzzone and Vieux Emosson dams.

Swiss know-how in the field of dam heightening has also been exported: Swiss engineering has
had the opportunity to make its mark from time to time, as will be recalled in a dedicated section.

Finally, considering the tense geopolitical situation prevailing in Switzerland and Europe at
the start of the 21 century, which has direct repercussions on the energy sector, as well as the
effects of global climate change, a perspective is offered in conclusion, showing that the inter-
est in raising existing dams is likely to continue over the coming decades.

2 INTEREST OF DAM HEIGHTENING
The main purpose of raising a dam is to create additional storage volume in the reservoir. The

possibility of having a greater storage volume offers major economic advantages to the oper-
ator of the structure, in the form of increased flexibility in the management of its hydroelectric
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scheme (optimization of productive hours, as well as transfer of part of the summer produc-
tion to the winter).

Considering the shape of a valley used as a reservoir, the storage volume is generally always
significantly higher at the top of the dam than in the talweg. Each additional metre of height
therefore contributes more to the volume stored than the levels below.

In contrast, when considering the shape of concrete dams, it can be seen that the greatest
dam thickness is close to the foundations, and that as the dam rises, it becomes thinner. The
volume of concrete required to raise a dam is therefore relatively small compared with the
additional volume of water stored in the upper levels. In principle, this twofold geometric
advantage makes dam heightening projects economically attractive.

In addition, the environmental issues involved in raising a dam are normally reduced com-
pared with building a new dam on a greenfield site. When a dam is raised, the site has already
been constructed for many years and public acceptance is easier, as the impact on the environ-
ment and on the landscape is reduced.

What’s more, in most cases (most heightening works are carried out on the top of the struc-
ture itself, or on its downstream side, only rarely on its upstream side), a heightening project
can be carried out without emptying the existing reservoir and therefore without any loss of
operation, which is a key economic factor for the operator of the hydroelectric scheme.

Finally, it should be noted that raising a dam is generally only possible if it can take advan-
tage of ‘generous’ dimensioning at the time the dam was designed, developments in science
(better knowledge of construction materials, characteristics of rock foundations, etc.), and
progress in design tools (more recent and sophisticated calculation methods).

3 HISTORICAL REVIEW

The review presented below spans the whole of the 20 century up to the 2020s. The main
group of heightened dams described first below concerns only relatively modest-sized gravity
dams, between 10 m and 40 m high. This is clearly the type of structure that has been most
widely considered for raising during the 20'" century.

A second group of gravity dams is dealt with separately. These are two dams (Muslen and
List) for which raising the water level was not the primary aim but was subordinate to the
objective of strengthening the structure. As part of such a safety project, it turned out that it
was also possible to take advantage of major reinforcement work to raise the dam.

Finally, a third group of dams is discussed next. These are two relatively high structures
(Salanfe and Les Toules), between 50 m and 90 m, which were raised very shortly after the
construction of the initial dam, and for which the raising was designed from the outset. The
reason for the two-stage construction was the operator’s intention to bring its hydroelectric
scheme into service as soon as possible. For various reasons, the hydraulic circuit and the
hydroelectric powerplant were operational earlier than the dam, and the most economical way
of commissioning the scheme as quickly as possible was to build a small retaining structure
sufficient to supply the water intake, and then to plan the subsequent construction of the dam
to its full height in a second phase.

The presentation and description of the three large arch dams raised between 1990 and 2020
is addressed separately in Chapter 4.

3.1 Gravity dams

The structures described below are presented by date of heightening.

Maigrauge dam (Figure 1, left) is one of the oldest dams in Switzerland. It was built in 1870-
72 and heightened in 1909-10, probably because of the rapid silting up of the reservoir. It should
be noted that the prestressed anchors (1600 kN/2 m) shown in the cross-section in Figure 1 were
added in 2000-03 to ensure that the structure complies with stability requirements (structural
safety). Relatively high tensile stresses could develop at the heel of the dam, particularly in the
event of exceptional loads such as the safety flood or an earthquake.
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Figure 1. Maigrauge dam and fully dam.

Fully dam (Figure 1, right) was built in 1914-15 and raised by 2 m in 1917. The dam axis is
not straight, but curved in plan, which probably generates a three-dimensional effect and
explains how the raised section can be stable. It should be noted, however, that the dam has
been operated at a lower water level for several decades.

Lago Bianco South dam (Figure 2, left), built at the beginning of the 20" century, was
raised by 4 m in 1941-42. The dam axis also has a curvature in plan, which in reality makes it
an arch-gravity dam. Over time, the concrete of the raised section was found to suffer from
the alkali-aggregate reaction (AAR), resulting in vertical cracking and increased deformation.
The raised section was rehabilitated in 2000-01.

It should also be noted that as part of the development of the pumped-storage project,
a new raising of 3.5 m was studied in 2011-12. However, this project has not yet been
implemented.
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Lago Bianco South Dam (Grisons) Ilisee Dam (Valais)
Construction 1912-1914 H=22m Construction 1926-27 H=18 m
Heightening 1941-42 H=26 m (+4 m) Heightening 1941-43 H=25 m (+7 m)

Figure 2. Lago Bianco South dam and Illsee dam.
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Raised by 7 m in the early 1940s, Illsee dam, built in 1926-27, is shown in Figure 2, right.
Like the other two dams described above, Illsee dam axis is curved in plan in its main section,
where it crosses the talweg. Over the years, the structure has been found to suffer from AAR,
leading to significant and irreversible deformation and cracking. In addition, the dam did not
meet modern safety requirements, having been designed without regard to seismic loading.
Considerable rehabilitation works were carried out in 2012-13 (concrete sawing to relax the
bank-bank stresses caused by the RAG, installation of vertical prestressed anchors, and recon-
struction of the dam crest).

Barcuns dam, built in 1947 and shown in Figure 3, is the gravity dam that was most recently
raised in Switzerland, that is in 2013-14. Its 5 m heightening is remarkable in that it was car-
ried out on its upstream face, unlike all the dams described above. This solution is constrain-
ing because it requires the reservoir to be emptied. It was possible to implement it at Barcuns
because the entire hydraulic circuit and hydroelectric power station were rehabilitated simul-
taneously. The facility was shut down for around two years to carry out this work.
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Barcuns Dam (Grisons)
Construction 1947 H=31.8m
Heightening 2013-14 H=36.8 m (+5 m)

Figure 3. Barcuns dam, with view from upstream of the dam heightening works.

3.2 Compliance with safety standards

In Switzerland, two dams are known to have been raised to improve their safety. These are List
and Muslen gravity dams, both of which were reinforced and raised in 1982. The respective
cross-sections are shown in Figure 4 below. During the 1970s, the safety requirements for dams
were updated and these two dams did not meet the overturning criterion, thus generating high
tensile stresses on the upstream face. When they were designed in the beginning of the 20™ cen-
tury, uplift pressure was not considered in dam design, nor were exceptional load cases (floods,
earthquakes). In addition, the spillways on the two dams had insufficient capacity.

Faced with the need for major reinforcement work, the owners of these two facilities took
the opportunity to raise their respective dams, resulting in the concrete covering of the old
dam, which is no longer visible or accessible.

3.3 Early commissioning of the scheme

The two dams presented in this section are special cases of heightening. These dams were
raised immediately after the construction of the initial dam, which was considerably reduced
in size. The aim of this two-stage construction was to enable the hydraulic circuit to be com-
missioned ahead of time and to start producing hydroelectric power, without having to wait
for the final size of the dam to be built.
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List Dam (Appenzell Rh.-Ext.) Muslen Dam (St-Gall)
Construction 1900-1901 H=13.5m Construction 1909 H=23m
Heightening 1982 H=16.5 m (+3 m) Heightening 1982 H=28 m (+5 m)

Figure 4. List dam and Muslen dam.

Salanfe Dam (Valais)
Construction 1947-1950 H=14.5m
Heightening 1951-1953 H=52 m (+37.5 m)

Figure 5. Salanfe dam. On the right, photo of the first stage dam, H=14.5 m.

Salanfe dam is the first example shown in Figure 5 above. The first stage of the dam was
built in 1947-50, with the second stage following in 1951-53. Miéville hydroelectric power
plant, almost 1500 m lower down on the Rhone Valley, came into service in 1951.

This dam also suffered from AAR, which led to concrete sawing work on the structure in
2012-13 to release the compressive stresses generated by the reaction. The dam crest was also
refurbished during this work.

The second case discussed in this section is that of les Toules arch dam, illustrated in
Figure 6 below. Construction in two stages enabled Pallazuit power station to be commis-
sioned in 1958 but was also made necessary by the road to the Grand-St-Bernard pass, which
runs along the right bank of the valley and had to be raised some fifty metres before the reser-
voir could be impounded.
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It can be seen that the first structure is a single-curvature arch dam, while the second is
a double-curvature arch dam. The joint between both structures proved particularly difficult
to manage. Added to this was the very wide shape of the valley, which is not very suitable for
an arch dam (ratio of crest length to height > 5) and geological conditions which are not very
homogeneous, particularly on the left bank, it was necessary to reinforce this dam by adding
concrete strengthening on both downstream banks. This work took place in years 2008-11.

el
1960-64, H =

Les Toules Dam (Valais)
Construction 1955-1958 H=25m
Heightening 1960-1964 H=86 m (+61 m)

Figure 6. Les Toules dam. On the right, photos of the two stages of construction. It should be noted
that this dam was further reinforced between 2008 and 2011 on its downstream face, using around
60000 m> of concrete. This is not shown on the figure above.

4 RECENT DAM HEIGHTENING

Three of Switzerland’s major arch dams have been raised since the 1990s. They are Mauvoisin,
Luzzone and Vieux Emosson dams.
There are only two ways of raising an arch dam:

— Either by propagating the shape of the upstream and downstream faces upwards. This is nat-
urally the most natural and simple method. However, it is not always feasible, depending on
the shape of the two faces. Mauvoisin and Luzzone dams were raised using this method.

— Or by modifying the shape of the arch. This method is considerably more complicated and
costly than the previous one, as it involves partially deconstructing the existing arch dam
before raising it. This is the case with Vieux Emosson dam.

4.1 Mauvoisin dam

The purpose of raising Mauvoisin dam is to transfer energy from summer to winter. Energy
production in summer exceeds demand, while energy production in winter is insufficient to
cover the country’s needs. Thanks to the favourable hydrological conditions in the Haut Val
de Bagnes, the operator (Forces Motrices de Mauvoisin) had the opportunity to increase
winter energy production by 100 million KWh while reducing summer production by the
same amount. This could be achieved by increasing the storage capacity of Mauvoisin reser-
voir by around 30 million m®.

With a height of 236.5 m, Mauvoisin arch dam was the highest dam in operation in Europe
in 1989. It had a crest length of 520 m and a crest width of 14 m at 1962.5 m asl. The dam was
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raised by constructing an additional arch in the extension of the original dam faces. The width
of the raised dam crest at an altitude of 1976 m asl is 12 m, incl. a 6.6 m wide road. A gallery
5 m wide and 5.5 m high, located in the raised section, provides access to the underground
hydraulic power station located upstream of Mauvoisin scheme. The volume of concrete used
is 80 000 m>, representing 4% of the volume of concrete used in the original dam.

The heightening has a crest length of 540 m and consists of 28 blocks that are concreted
between the vertical joints of the dam. Each block, approximately 18 m long and 13.5 m high,
is concreted in 5 lifts of 2.7 m each. The volume of each lift varies between 400 m* and 650 m*
of concrete.

Ancillary work on the surface spillway, the mid-level outlet gate and the surge tank near
Fionnay power station was carried out in parallel with the main work on the dam.
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Mauvoisin Dam (Valais)
Construction 1951-1957 H=236.5m
Heightening 1989-1991 H=250 m (+13.5 m)

Figure 7. Mauvoisin dam. Right, picture of the heightening job site (1990).

Work was carried out over three summer periods (April to October) from 1989 to 1991. Site
installations began in April 1989. The batching plant, cement silos and crushing plant for pre-
paring concrete aggregates were located at the foot of the dam, close to the large stockpile of
materials left over from the construction of the dam. The cement was transported by train to
Le Chable, and then by truck to the silos.

Concreting works were carried out from September 1989 to August 1991, using one crane
(capacity 150 mt) in the first year and two cranes placed on the blocks already built, in 1990.
By spring 1991, all that remained to be done was the concreting of the new dam crest. The
joints between dam blocks were grouted between the end of May and the beginning of
July 1991.

The raised dam was impounded in summer 1991, reaching its maximum level of 1975 m asl
at the end of September. The dam behaviour was as expected by the design engineers.

4.2  Luzzone dam

Luzzone arch dam was built between 1959 and 1963. With a height of 208 m, a crest length of
550 m, a thickness of 36 m at the base and 10 m at the crest, the volume of concrete for this
dam amounted to 1.32 million m® before heightening. The seasonal storage basin had
a capacity of 87 million m® and is the main reservoir of the Blenio power plant. However,
given the growing demand for energy in winter and the fact that the summer inflow of
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127 million m® far exceeded the reservoir storage capacity, it became interesting to increase
the storage volume.

A project to raise the dam by 17 m was designed and work began in 1995. Since 1999, the
dam is 225 m high, has a concrete volume of 1.40 million m® and a storage capacity of
107 million m® (85% of average summer inflows), see Figure 8.

i S

225.00

Luzzone Dam (Tessin)
Construction 1959-1963 H=208 m
Heightening 1995-1998 H=225 m (+17 m)

Figure 8. Luzzone dam. Right, picture of the heightening job site (1995), showing detail of the left bank
abutment.

As shown above for Mauvoisin arch dam, the technical concept of the heightening involves
the upward propagation of the geometric definition of the upstream and downstream faces.
An additional arch was therefore added to the dam, bringing the width at the new crest to
5.6 m. The abutment on the left bank of the heightening is special. To save concrete, the
raised section ends on an artificial abutment in the shape of a gravity dam (see Figure 8,
photo right) and in order to have the compression forces of the arch diving down into the
existing section, the bloc joints near the artificial abutment were only partially grouted. To
maintain access to a mountain pasture upstream of Luzzone reservoir during and after the
heightening work, a road gallery was integrated into the raised dam section.

Concreting was carried out using a crane placed halfway up the raising, which moved as the
work progressed from the left bank to the right bank. As with the original dam, the aggregates
came from a moraine quarrel located in a side valley a few kilometres away. The batching
plant was located on the right bank of the dam and produced a total of 80 000 m?* of dam
concrete, with a binder content of 250 kg/m® and a maximum size aggregate of 63 mm. The
binder contained 80% Portland cement and 20% fly ash, making it possible to give up artificial
cooling of the concrete (post-cooling).

In parallel with the concrete work on the dam, the spillway and surge tank were raised and
a new access gallery to the mountain pasture upstream of the reservoir was excavated.

The heightened dam has been in service since 1999, behaving satisfactorily and in line with
its design.

4.3  Vieux Emosson dam

Vieux Emosson dam is located in Canton of Valais, close to the border with France. The rais-
ing of the dam is a key element of the vast Nant de Drance pumped-storage scheme, which
came into operation in 2022. This dam serves as an upper reservoir, and the raising of the
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dam allowed more than doubling the active storage capacity (from 11.2 million m® to
24.6 million m?), giving the pumped-storage scheme greater flexibility.

The dam was built in the 1950s by Swiss Federal Railways. The cross-section of the dam
corresponds to a 62 000 m® concrete gravity dam, which was actually a single-curvature arch
dam. The heightening consists of a double-curvature arch dam with horizontal and vertical
sections formed by parabolic segments. Geometric constraints due to the shape of the valley
and the first dam meant that the upper part of the latter had to be demolished and removed
(17 000 m® of concrete), before the raising could be built (65 000 m*® of concrete) and the tran-
sition made from the initial single-curvature to the double-curvature of the raising. The total
volume of concrete for the raised structure amounts to 110 000 m>. The heightening concept is
shown below in Figure 9.

1. Original dam 2. Dam after demolition 3. Raised dam

Vieux Emosson Dam (Valais)
Construction 1952-1956 H=55m
Heightening 2012-2015 H=76.5 m (+21.5 m)

Figure 9. Vieux Emosson dam. Right, photos of the heightening work.

On the right bank, the first dam is just above the surface of the rock mass. On this bank,
the crest of the raised dam is clearly above the rock mass. For this reason, a wing wall had to
be built at the end of the arch. Its function is to close off the reservoir and house the spillway,
which is a free flow ungated spillway.

The reservoir was empty from the start of the demolition work until the raising of the vault
was completed. During this period, the spillway gates remained open and were being refur-
bished. However, at least one valve always remained operational so that the flow could be
managed in the event of flooding.

The demolition of the upper part of the first dam was a critical point and a major chal-
lenge for the project. Initially, blasting was planned to demolish the dam concrete over
a height of around 20 m. However, this technology proved unsuitable. The demolished sur-
faces had discontinuous and rugged shapes and the allowable shaking limits were difficult to
comply with. Finally, the efficiency of demolition by blasting was low. Following this obser-
vation, the contractor gave up the method and switched to demolition of the concrete by
using road-type machines (planer machines) that travelled back and forth over the crest.
Milling machines were used to demolish the concrete that the large planers could not reach.
This demolition method proved to be far more efficient than blasting, while limiting the
problem of vibrations generated by blasting. The demolition work lasted from mid-June to
the end of October 2012.

Concreting took place over two summer seasons (April to October), in 2013 and 2014. The
concrete aggregates were produced lower in the valley and transported by truck to the toe of
the dam, where the batching plant was located. The concrete was transported onto the dam
using two tower cranes, also installed downstream of the dam.
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In spring 2015, the dam blocs were grouted in two stages over the raised height. The dam
was then commissioned over the following years to the satisfaction of the design engineer and
the supervisory authorities.

5 DAM HEIGHTENING ABROAD

Swiss engineering know-how in the field of (large) dams is widely recognised throughout the
world and has historically been exported well throughout the 20" century and into the early
21% century. There are many examples, and some of the most daring projects, to be found in
numerous references and publications on the matter.

The same is certainly true for the very specific field of dam heightening. Although this type
of work is more recent and its applications still rarer, Swiss engineering firms have had a few
opportunities to demonstrate their capacity for innovation and their technical expertise in
various countries. Some outstanding examples are described briefly below.

In the early 2000s, the raising of the Ekbatan buttress dam in Iran, built between 1959 and
1963, was designed and dimensioned by Swiss engineers. The project involved raising the dam
by 25 m, from 54 m to 79 m. The project was built and successfully commissioned in the early
2010s.

In Angola, the Cambambe double-curvature arch dam on the Kwanza River, 180 km east
of the capital Luanda, was raised between 2012 and 2018 (Figure 10). The design, execution
project and supervision of the works were carried out by Swiss engineering firms. Particularly
slender, and located in a spectacular natural landscape, the heightening project has given rise
to a number of publications. In particular, the construction of the elevation had to be planned
according to the flow of the river, continuously spilling over the existing dam.

CORTEAM PLANTAACOTA 110
1200 120

130 masl

106 masl “

Cambambe Dam (Angola)
Construction 1959-1963 H=72m
Heightening 2012-2018 H=92 m (+20 m)

Figure 10. Cambambe dam. Right, photos of the heightening works.

Finally, there is the Limberg arch dam in Austria, near Kaprun/Zell am See, whose initial
height of 120 m will be raised to 129 m. Studies are ongoing and work is scheduled to begin in
the coming years. A Swiss engineering firm is in charge of the design and production of the
construction project.
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6 CONCLUSIONS AND FUTURE PROSPECTS

6.1 Retrospective

Dams have been raised in Switzerland for over a century. Twelve examples have been listed and
described in this paper. The size of the structures raised varies greatly, ranging from around ten
metres for the most modest to over 200 m high for Luzzone and Mauvoisin arch dams.

The many advantages of such challenging projects have been highlighted, both from an
environmental and an economic point of view. Generally speaking, the gain of a relatively
large additional water storage volume compared with the often moderate scale of the height-
ening work and its impact on the environment and landscape makes raising a dam economic-
ally attractive.

The review showed that, in Switzerland, the majority of projects involve raising the height
of concrete dams; however, there are also heightening projects for embankment dams. Work
to raise Plans Mayens embankment dam in Crans-Montana is scheduled for 2023-2025.

Given the diversity of each dam in its natural environment and the unique nature of each
facility, each raising project requires the implementation of specific solutions tailored to the
site and the problems encountered, as it has been amply demonstrated throughout this retro-
spective. The range of technical solutions deployed over the last century demonstrates the
expertise of Swiss engineering in this field, which has also been exported.

6.2 Future prospects

In the current geopolitical and energy context (growing population, rising electricity con-
sumption, political determination to move away from nuclear power, heavy dependence
on fossil fuels such as gas and oil, unstable political situation in Europe, climate crisis,
strong development of solar and wind energy), the need to create energy storage facilities
for the winter is becoming increasingly obvious. Only hydroelectric schemes with their
reservoir dams can offer the possibility of transferring water reserves (i.e. energy) from
summer to winter, with the reservoirs acting as huge rechargeable batteries.

In this context and under the leadership of the Swiss government, the various stakeholders
in the field of hydropower (cantons, universities, environmental and landscape protection
associations, electricity companies) have come together in 2020-2021 in a round table to
develop a common approach to the challenges facing hydropower in the context of the 2050
energy strategy, the zero-emissions climate target, security of energy supply and the preserva-
tion of biodiversity. The round table identified 15 hydroelectric storage power plant projects
that, based on current knowledge, are the most promising in terms of energy production and
whose implementation would have the least impact on biodiversity and the landscape. Their
implementation would make it possible to achieve a cumulative additional adjustable winter
production of 2 TWh by 2040. The list of these 15 projects is indicative and not exhaustive.
The projects are eligible for investment grants of up to 60%.

Of the 15 projects highlighted by the round table in December 2021, at least 10 involve
heightening of existing dams. The context is therefore very favourable for several dams to be
raised in the coming years and decades, and numerous studies are under way in Switzerland.

6.3  Final remark

There is no official directory of heightened dams in Switzerland. As far as possible, this paper
aims to present an exhaustive list of raised dams in this country. However, it cannot be ruled
out that some dams may have escaped the authors’ attention.

This research would not have been possible without the active collaboration of several oper-
ators (Alpiq, Axpo, Groupe E, KWO) and engineering firms (Afry, Gruner Stucky, Lom-
bardi), as well as the supervisory authority (SFOE) and the ETHZ, all of whom contributed
to this work by sharing the information and data in their possession. Our sincere thanks to all
of them.
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Swiss dam engineering in the world

Patrice Droz
Swiss Committee on Dams

ABSTRACT: Swiss dam engineers and contractors have always demonstrated a great inter-
est in exporting their know-how and expertise in the domain of dams and hydropower. The
article presents an overview of the most recent international projects.

RESUME: Les ingénieurs et entreprises suisses ont depuis longtemps montré un intérét a
exporter leur savoir-faire et leur expérience a I’étranger dans le domaine des barrages et des
aménagements hydroélectriques. Cet article présente un tour d’horizon des activités récentes
hors de Suisse dans le domaine.

1 INTRODUCTION

The development of dams and hydropower in Switzerland started at the end of the 19th cen-
tury, taking advantage of the topography of the country as well as its water resources. The
development of hydropower encouraged the industrialization of the country as well as its elec-
tric railway system. But progressively, with their know-how gained in the Alps, Swiss engin-
eers and contractors exported their experience abroad, firstly to Europe and then worldwide.

As the Swiss Committee on Dams is celebrating its 75th anniversary, it should be of interest
to briefly describe some of the recent international projects in which Swiss engineering con-
sulting firms and experts, contractors and research laboratories have been involved. Of
course, an exhaustive treatment is not the aim of the present paper: a selection has been made
by the author, taking into account the importance of the project, the difficulties encountered
in the completion of the projects, and the specific techniques used, and solutions selected.

2 DEVELOPMENT OF NEW DAM PROJECTS

2.1  Europe

The 690 MW capacity, 600 m gross head Karahnjikar hydroelectric scheme (Iceland), harnesses
water from two glacial rivers originating in the large Vatnajokull Glacier, stored behind the
198 m high Karahnjtkar concrete-faced rockfill dam (CFRD). Difficult tunnel conditions due to
large groundwater inflows and to locally unstable rock conditions were encountered during the
excavation of the headrace tunnel. The resulting delays required acceleration of the filling, pressur-
izing and commissioning of the headrace tunnel. This was achieved by filling the headrace tunnel
in two stages. First the penstocks and the lower section of the tunnel were filled using the ground-
water inflow, and water stored in the lower tunnel behind a temporary cofferdam in the tunnel
was used to commence the wet testing of several turbine units while finishing work continued in
the upper section of the tunnel. Following completion of the tunnel finishing work, the remainder
of the tunnel was filled and pressurized in a second stage (Kaelin 2009). The dam body is also
located on a fault, which required the construction of a joint in the toe wall and the concrete face.
Model studies on that project were conducted at both hydraulic laboratories of the Swiss Federal
Institutes of Technology in Lausanne (Bollaert 2003) and Zurich (Berchtold and Pfister 2011).
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The Neikotski dam is under construction in Northern Bulgaria, it is part of a water supply
project. The maximum height of the dam is 47.2 m; the crest is 200 m long, and the embank-
ment volume is approx. 300,000 m®. The asphalt core rockfill dam (ACRD) is founded on
rock. The asphalt-concrete core is vertical, located in the central section of the dam. It starts
from the top of a grouting gallery which is embedded in the rock foundation. During the
design phase, a comparison was made of seismic horizontal displacements obtained from
a dynamic analysis and by two simplified analytic methods. In this case the results of the
dynamic analysis and the simplified analysis were almost the same. However, the dynamic
analysis using the finite element method provides much more information on the seismic
behaviour of the dam (Tzenkov 2023).

Devoll Hydropower Project is located about 70 km southeast of the Albanian capital
Tirana and consists of two hydropower plants, Banja and Moglice. The hydropower plants
will have a total installed capacity of 256 MW and a mean annual production of about 703
GWh, increasing the Albanian electricity production by about 17 per cent. The lower one
(Banja) was commissioned in 2016. The construction of the Moglice HPP began in 2014 with
an installed capacity of 184 MW. The 167 m high dam is an ACRD with a crest length of
370 m and is one of the highest of its type in the world (Tirunas 2018).

2.2  Middle East

The recent development of hydropower projects and the construction of numerous large dams
in Turkey offered the opportunity to Swiss consulting firms to be part of the design and con-
struction of a couple of very significant dams in Anatolia.

The Deriner dam is a double curvature arch dam located on the Coruh River in Northeast-
ern Turkey. With a height of 249 m and a concrete volume of 3.5 Mm?, it is currently
the second highest dam in Turkey. The installed capacity of the powerhouse is 670 MW, with
four Francis turbines, and its annual power generation amounts to 2118 GWh, accounting for
approximately 1.1% of the total energy production in Turkey and roughly 6% of Turkey’s
hydropower generation capacity. State Hydraulics Works (DSI) of Turkey owns the project.
Swiss consulting firms were part of the project either on the owner side (Wieland et al. 2008)
or the Turkish contractor side (Miiller 2009). The construction works started in 2000 and the
dam was commissioned in 2012. The flood evacuation system is particularly impressive with
two gated overflow spillways at the left and right abutments of the dam with a total capacity
of 2,225 m*/s and eight mid-level bottom outlets with a total discharge capacity of 7,000 m?/s.
The total volume of excavated material amounted to 8.7 Mm?, and for the stabilization of the
abutments more than 2,000 2 MN post-tensioned anchors were installed (Figure 1).

Figure 1. Upstream view of Deriner dam and rock stabilization of abutments.

The Ilisu Dam & Hydroelectric Power Plant (1,200 MW) is located on the Tigris River in
the Southeast of Turkey close to the border with Iraq (Figure 2). The power plant is composed
of a 135 m high and 2,289 m long CFRD, a gravity dam section, a spillway, power intakes
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and power tunnels with a maximum diameter of 13 m, a powerhouse (6 Francis turbines with
an installed capacity of 1200 MW), a tailrace channel and three river diversion tunnels
(912 m), one of them acting as bottom outlet. The construction was finished in 2020 (IM
2023, Stucky Gruner 2023).

Figure 2. Ilisu dam, powerhouse and spillway.

2.3 Central Asia

Rogun dam is under construction in Tajikistan and will be completed in stages until 2030. The
dam is a 325 m high earth core rockfill dam (ECRD). Extensive studies were carried out in
order to assess its impacts on the riparian countries in terms of water resources (Poyry 2014).
At present several Swiss consulting firms as well as contractors are taking an active part in the
detailed design and the construction of the dam. The dam is located in a highly seismic region
in the Pamir Mountains and an active fault passes through the footprint of the dam parallel to
the dam axis. Further challenges are the difficult geological conditions with rock salt forma-
tions and the high sediment content of the Vakhsh River.

During the construction of the Sangtuda 2 HPP in Tajikistan, severe water inflows occurred
within the excavation of the run-of-river type powerplant. A specific support was provided for
understanding the particular hydrogeological conditions, which led to the drainage of
a regional karst aquifer, and for designing appropriate mitigation measures (Ghader et Bus-
sard 2013). A pumping of around 10 m3/s allowed the successful completion of the project.

Rudbar Lorestan is an earth core rockfill dam with a height of 156 m. It is located in
a narrow canyon in the seismically very active Zagros Mountain Range in the west of Iran.
The dam is subjected to multiple seismic hazards including ground shaking, movements along
multi-directional discontinuities and faults in the dam footprint. Due to the presence of these
discontinuities and secondary faults, the originally planned concrete gravity dam with a slip
joint across the main fault was replaced by a conservatively designed earth core rockfill dam.
The worst-case earthquake scenario is a magnitude 7.5 earthquake at a distance of 1.5 km
from the dam site causing a horizontal peak acceleration of 0.75 g and maximal movements
along faults in the dam footprint of 1.5 m. A large freeboard was provided to cope with seis-
mic deformations of the dam body and the run-up of impulse waves caused by mass move-
ments into the reservoir. The first reservoir impounding started in 2017 (Wieland 2019).

2.4 Southeast Asia

The Xayaburi Hydroelectric Power Project (Figure 3) is a run-of-river hydropower plant
located in the mainstream of the Mekong River, in Lao PDR, approximately 100 km down-
stream of the city of Luang Prabang. The scheme includes a navigation lock, spillway and
intermediate block, and the main powerhouse with an installed capacity of 1,285 MW.
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The project also comprises state-of-the-art fish passing facilities for upstream and downstream
migration. The project was commissioned in 2019 (Morier-Genoud 2019).

At present the 1460 MW Luang Prabang run-of-river power plant, located about 30 km upstream
of Luang Prabang in Laos, is under construction in which Swiss dam consultants are involved.

Figure 3. View of Xayaburi dam.

Nam Ou VI, located along a tributary of the Mekong River in Laos, is an 88 m high rockfill
dam with an upstream geomembrane. The composite PVC geomembrane, installed using an
innovative design, is now increasingly adopted to construct rockfill dams, which allows the
construction of embankment dams at lower costs. At Nam Ou VI the geomembrane system
was installed in three stages (Scuero et al. 2016).

Son La and Lai Chau are RCC dams located in Vietnam. The highlight of those projects is
the use of “pond ash” i.e. fly ash that went into a waste lagoon as a slurry as nobody in Viet-
nam had any use for such material. Son La was the first RCC dam globally that made use of
such material as a major cementitious material in the mix. Lai Chau again used it, as well as
other large RCC dams in Vietnam and later also in Laos. Both projects were completed ahead
of schedule (Conrad et al. 2010, Conrad et al. 2014).

2.5 Africa

Worth mentioning are the design and construction supervision of a number of irrigation,
water supply and flood protection dams in North Africa by various Swiss consulting firms.
Swiss consultants also served as members of panels of experts for different dams in Africa and
have advised on the formation of the Dam Safety Directorate in Ethiopia, the country with
the largest number of dams under construction in Africa. In the past decade, a number of
hydraulic model studies on African dam projects have been performed at the hydraulic labora-
tories of the Swiss Federal Institutes of Technology in Lausanne (Stojnic et al. 2018) and
Zurich (e.g. Arnold et al. 2018). Water resources management studies are also worth to men-
tion (Gamito de Saldanha Calado Matos and Schleiss 2017).

2.6  Americas

The Toachi-Pilaton hydroelectric power plant uses the water from the homonym Rivers, in
the North-West of Ecuador. The power plant has an installed capacity of 255 MW and is con-
nected to the 59 m high Toachi concrete gravity dam. Construction was completed in 2015
(Lombardi 2023).
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The Cerro del Aguila HPP is located in the Peruvian Andes about 270 km from the capital
Lima. This new scheme on the Mantaro River includes an 88 m high RCC arch-gravity dam,
a 5.7 km long headrace tunnel, a 242 m high pressure shaft, an underground powerhouse with
an installed capacity of 510 MW, and a 1.9 km long tailrace tunnel. A gated crest spillway
with a discharge capacity of 7,000 m*/s is integrated in the dam body as well as 6 bottom out-
lets with a total capacity of 5,000 m%s. At the dam toe, a 3 MW power plant makes use of the
ecological flow. Construction was completed in 2016 (Lombardi 2023).

2.7 Oceania

It is worth mentioning that physical model tests of the power intakes and surge chamber
system of the Snowy 2.0 pump-storage scheme, presently under construction in Australia,
were carried out at the hydraulic laboratory of EPF Lausanne (PL-LCH EPFL 2023).

3 DAM REHABILITATION

3.1 Aging

The Enguri dam (Figure 4), located in the western part of Georgia, is a 272 m high arch dam
and until recently was the highest arch dam in the world. The dam was completed in 1984,
several years after the power production at reduced head started (the units were commissioned
in 1978-80). Treatment of the dam foundation and other works continued until 1988, the
first year in which the reservoir was allowed to be filled to its maximum level.

After independence from the former Soviet Union the dam suffered due to the lack of mainten-
ance and political unrest. Among the major parts of the scheme affected were the dam hydro-
mechanical works particularly the drainage system, electro-mechanical elements and the low-level
outlets of the dam, all contributing to poor reliability and safety in operation of the scheme.

Figure 4. Enguri arch dam, Georgia.

An expert mission was then organized by a group of Swiss and French Engineers aimed at
defining a rehabilitation program (Quigley et al. 2006), which consisted mainly of:

— General safety assessment and identification of the status of the monitoring equipment for
the dam;

— Assessment of the feasibility of the rehabilitation of the entire project; and

— Definition of the scope of the work required for the dam body, pressure tunnel and powerhouse.
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The first phase of the rehabilitation works extended until 2006.

Within the grid of Montenegro the Hydro Power Plant Piva plays an important role. It has
been in operation since 1976 and needed to be rehabilitated. The plant is located in the north-
western part of Montenegro, close to the border with Bosnia and Herzegovina. The high stor-
age capacity of the basin guarantees a high plant utilisation factor, even during dry years. The
220 m high arch dam, also known as Mratinje Dam, is one of the highest arch dams in
Europe. The hydro-mechanical and electrical-equipment as well as the civil structures, includ-
ing the dam, intake and outlet structure needed rehabilitation and modernisation in order to
extend their economic lifespan (Obermoser 2009). Based on a detailed investigation, short-
term rehabilitation measures related to the dam were identified, including rock support in
unlined galleries, improvement of the dam grout curtain and modernization of the dam moni-
toring system. The observed damage to the dam concrete were minor and could be addressed
as part of regular maintenance.

The Studena dam in Bulgaria is a 55 m high buttress dam in a seismically active region. The
dam, composed of 25 blocks, is used for water supply, hydropower generation, and flood pro-
tection. Heavy deterioration of the concrete face required complete rehabilitation. As the
water supply could not be interrupted, rehabilitation works had to be performed, mostly
underwater. A new watertight synthetic facing covers the upstream face of the dam. A major
challenge was the repair of the upstream face because of its complicated geometry with com-
plex intersecting concave corners requiring special fixation of the membrane and the very low
temperatures during the construction work (Scuero et al. 2019).

The Kariba Dam is a 128 m high arch dam that was constructed between 1955 and 1959 across
the Zambezi River that borders Zambia and Zimbabwe. The six centrally located submerged
sluices form the spillway with a combined discharge capacity of 9,000 m?/s. Prolonged spillages
with a total volume of 511.1 km? through the floodgates from January 1962 to June 1981 resulted
in an 80 m deep scour hole in the plunge pool immediately downstream of the dam (Figure 5).
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Figure 5. Kariba arch dam and the evolution of scouring close to the dam toe.

Numerical modelling and hydraulic model tests were carried out in order to define the
geometry of the reshaping of the plunge pool to avoid further scouring (Stojnic et al. 2018).
The remedial works are presently in progress (Mellal et al. 2023). In addition, the hydromech-
anical equipment of the 6 spillways, threatened by the development of alkali-aggregate reac-
tion in the dam concrete, is being refurbished.

3.2 Alkali-aggregate reaction

The Chambon dam in France is an excellent example of how geomembrane systems can contrib-
ute to the extension of the lifespan of a dam. This 137 m high concrete gravity dam, completed in
1935, is affected by alkali-aggregate reaction (AAR). A series of slot cuttings were made and
a drained exposed PVC geomembrane system was installed in 1994 to provide waterproofing
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protection at the upstream face. In 2013, the owner decided to carry out new slot cutting, and to
strengthen the dam by means of an upstream system of tendons and carbon bands, which
required removing the geomembrane system. The same geomembrane system was installed again.
Rehabilitation works were successfully completed in 2014 (Scuero et al. 2016).

The Pian Telessio dam is an arch gravity dam completed in 1955 in Northern Italy. With a height
of 80 m and a crest length of 515 m the dam impounds a reservoir with a capacity of 24 Mm?>. The
dam thickness ranges from 5.7 m at the crest to a maximum of 35 m at its base. After approximately
20 years of operation the dam showed an upstream drift of up to 60 mm at the central pendulum in
2008. It was concluded that the permanent displacements were caused by the concrete expansion
due to AAR. Rehabilitation works required the cutting of 16 vertical slots with a depth of 21 to
39 m, using a diamond wire saw (Amberg et al. 2009). Further analyses are still performed in order
to assess the time-dependent decrease of the dam safety (Stucchi et al. 2023).

The Kainji dam is located on the river Niger in Nigeria. The plant suffers from AAR, espe-
cially the spillway structure, since a few years after its commissioning in 1968. The mass con-
crete structures on both sides of the spillway apply a thrust on the spillway structure.
The mechanism is in general confirmed by monitoring results and visual observations.
To mitigate the negative effect of AAR, rehabilitation works were carried out in 1996/97, com-
prising slot cutting for relief of compressive stresses, drilling of drainage holes and installation
of additional monitoring instruments. Thanks to the previous rehabilitation works, there is
sufficient evidence to conclude that the spillway can safely be operated within the coming
years. Rehabilitation and upgrading of the monitoring instruments and improvement of the
surveillance procedures are on the way (Ehlers et al. 2023).

3.3 Seismic resistance

The Fontanaluccia dam is a 40 m high and almost 100-year-old structure constituted by
a central multiple-arch masonry dam body with the spillway and two side cyclopean con-
crete gravity dam sections. The dam is located in a narrow valley in the Italian Apennine
region, a moderate-to-high seismic area. Following the release of new guidelines on the seis-
mic safety assessment of dams in Italy in 2019, a re-assessment of the seismic safety of the
dam was carried out. The results of the dynamic analyses showed that the multiple arch sec-
tion is vulnerable to the earthquake action in the cross-canyon direction, which required
seismic strengthening of the dam. A retrofit program was developed to enable the dam to
remain in operation during the remedial works. (Abati et al. 2023).

3.4 Dam heightening

The Cambambe arch dam on the Kuanza River in Angola, was built from 1959 to 1963. From
its initial conception, the dam was planned to be heightened in a later stage. However, for
different reasons these works did not start until 2010. The initial arch dam was 72 m high,
with a crest length of 250 m. The heightening of the dam was planned to be 20 m leading to
a final dam height of 92 m. The heightening works (Figure 6) were completed in 2020 and
took place at the same time as the rehabilitation of the existing power plant and the construc-
tion of a new open-air power plant. The management of the flood release during the construc-
tion of the dam-heightening required proper timing of the works (Wohnlich et al. 2012).

3.5 Sediment bypass tunnels to counter reservoir sedimentation

Nanhua reservoir in Taiwan suffers from large and ongoing sedimentation, threatening its sus-
tainable operation. A large sediment bypass tunnel to route sediment from turbidity currents
past the dam was planned and built, which was cross-checked by experts from the hydraulic
laboratory of ETH Zurich (Boes et al. 2018). Similarly, the refurbishment of an existing sedi-
ment bypass tunnel with granite pavers at the Mud Mountain dam in the US Pacific North-
west was profiting from Swiss research and development performed at ETH Zurich (Auel
et al. 2018), gaining an American engineering award. Another sedimentation model study
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Figure 6. Heightening of Cambambe dam in Angola.

with settling pond and bypass tunnel was conducted at the ETH Zurich laboratory for a new
reservoirs dam in Pakistan (Beck et al. 2016, Boes et al. 2019).

4 DAM SAFETY

4.1 Post-seismic inspections

The 106 m high Sefid Rud buttress dam, located in the Alborz Mountains in Iran, was completed
in 1962. The dam was designed to withstand a peak ground acceleration (PGA) of 0.25 g. The
dam was damaged by the magnitude 7.4 Manjil earthquake of the 21 June 1990, during which the
nearby cities of Manjil and Rudbar were destroyed. The horizontal component of the PGA was
estimated as 0.7 g. The main shock was followed by several strong aftershocks with magnitudes
up to 6.0. The top portion of the dam was damaged. A large crack along the horizontal lift joint
about 18m below the dam crest was observed on the upstream face of the dam involving all but-
tresses. In one buttress a wedge was created on the downstream face by a system of horizontal and
inclined cracks along construction joints, which was displaced by about 30 mm. Spalling of con-
crete along the vertical block joints were also noticed as well as leakage through some of the
cracks. Detailed inspection (Wieland et al. 2003) led to rehabilitation works including epoxy grout-
ing and post-tensioned rock anchors.

On January 12, 2010, a magnitude 7.0 earthquake caused extensive damage and loss of lives
in Haiti. The Péligre dam located about 60 km from the epicenter, was inspected in March 2010
(Droz et al. 2010). In the absence of appropriate monitoring instrumentation, only a thorough
visual inspection could be made. No signs of structural damage were visible. However, because
of the relatively large epicentral distance the level of ground shaking at the dam was rather low.

4.2 Dam monitoring instrumentation and survey

The Inga 1 (Figure 7) and 2 hydropower schemes are located on the Congo River, approxi-
mately 150 km southwest of Kinshasa. Both dams are of the buttress type and have shown
irreversible movements downstream for decades. Unfortunately, the monitoring instrumenta-
tion of the dams, which was installed at the time of the construction, in the 1970s for Inga 1
and in the 1980s for Inga 2, appears to be incomplete, in poor condition, obsolete or inad-
equate to follow up the evolution of the deformations, in particular due to AAR, and to
assess the safety of the dams regularly. In view of these problems a project, financed by the
World Bank, was implemented (Droz et al. 2019):
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— To improve the quality of the surveillance of the structures by restoring and enhancing the
monitoring system of the dams and of the hydro plants as well as installing an adequate
geodetic network; and

— To carry out the necessary investigations and studies to determine the causes of the irrevers-
ible movements observed in most of the structures of both Inga 1 and 2.

Figure 7. Inga 1 dam, DR Congo.

The Sardar Sarovar Dam is a concrete gravity dam built on the Narmada River in India.
The dam was built to provide water and electricity to four Indian states. The gravity dam is
136 m high with a crest length of 1300 m. Almost 400 sensors were installed around 1994. The
rehabilitation project was organized in 5 steps. In 2021 (step 1), functional tests of the existing
instruments were carried out. Then, the system was upgraded from manual to semi-automatic
by installing multiplexer boxes. In 2022, after the partial rehabilitation of the existing shafts
(step 2), 3 new 76 m long direct pendulums were installed (step 3) with an automatic acquisi-
tion system for measuring the horizontal deformations of the dam. The commissioning of the
complete automatic plumblines is planned for 2023 (step 4). By switching from manual and
semi-automatic to fully automatic monitoring (step 5), the dam owner benefits from a quicker
and safer monitoring of the dam (Ballarin et al. 2023).

Many of the dams in Sri Lanka are ageing and suffer from various structural deficiencies
and shortcomings in their operation and maintenance procedures. To overcome these inad-
equacies, the Dam Safety and Water Resources Project (DSWRPP) was initiated in
August 2008, with the assistance of World Bank financing. Besides rehabilitation of 32 major
dam structures that show signs of deterioration, improvement of the monitoring data acquisi-
tion and analysis was performed (Sorgenfrei et al. 2011).

The installation of a monitoring system on and around the Usoy dam remains an exceptional
project. Lake Sarez in in the Pamir Mountains in Tajikistan was formed in 1911 when
a massive earthquake triggered a rockslide that buried the village of Usoy under a 650 m high
mass of rock and ice debris, which dammed the Murghab River. The resulting 60 km long lake
containing over 17 km® of water was created by the Usoy landslide dam, the highest dam in the
world. Owing to its huge mass, the level of knowledge of the Usoy dam (Figure 8) is reduced to
hypothesis based on observations and analysis of a few parameters gathered in the past, in par-
ticular the seepage rate evolution through the natural embankment. In order to reduce the risk
related to Lake Sarez, a modern monitoring system and an early warning system were installed
in 2006. The monitoring system covers an unstable slope, located some 4 km upstream of the
dam, which, if it would fail, would create impulse waves that could threaten the stability of the
dam or, at least, modify its seepage regime (Droz et al. 2006 and 2008).
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Figure 8. Usoy landslide dam storing Lake Sarez in Tajikistan.

4.3 Emergency preparedness plans

Besides a safe design and construction of high quality as well as appropriate maintenance,
monitoring and surveillance, the third pillar on which lays the safety of dams is the prepared-
ness in case of emergency which enables to cope with residual risks. Recently, Emergency Pre-
paredness Plans (EPP) have been elaborated for 20 dams in Turkey.

At present, the EPPs of Rogun dam (under construction), of Nurek dam a 305 m high
ECRD located directly downstream Rogun and completed in 1980, and of Kariba dam (both
under rehabilitation), are under elaboration.

4.4 Capacity building

A dam safety project incorporating five dams along the Drin and Mat Rivers was carried out
in the northern part of Albania. One of the components of the project was the refurbishment
and upgrading of the monitoring instrumentation for all five dams. The goal was to imple-
ment a durable modern monitoring system. The new instruments will help to improve the
long-term safety of the dams. The safety, however, can only be improved if the installations
are properly maintained, the instruments are frequently read, and the values are immediately
evaluated and regularly analysed by specialized engineers. Hence training was the most
important component for the sustainability of this investment. The instrument and software
installations were completed with a comprehensive training program for both dam wardens
and specialized engineers in charge for the data analysis and reporting (Stahl et al., 2013).

The Dam Safety Enhancement Program (DaSEP) was set in 2010. DaSEP aimed at improving
the dam safety procedures of the thousands of dams under the responsibility of the Chinese Min-
istry of Water Resources (Méan et al. 2012). The various missions of Swiss experts and the train-
ing of Chinese counterparts in China and in Switzerland resulted in the modification of the legal
dam safety regulatory framework in China, including, for example, the obligation to prepare
annual safety reports and define clearly roles and responsibilities for small and medium size dams.

In the wake of the failure of the Xepian-Xenamnoy saddle dam in Laos in 2018 (Schleiss et al.
2019), a nationwide dam safety inspection was launched. The synthesis report of the main find-
ings of the various inspections pointed out the necessity to improve the dam safety organization
and procedures in Lao PDR including technical (Droz et al. 2022) and institutional (Darbre et al.
2022) aspects. This Swiss Agency for Developme