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ABSTRACT  

All over the world, around 50.000 large dams were built for various functions. Dam water retention 

puts these hydraulic structures as a special type of design, construction and operation. The potential 

disaster caused by a dam failure can result in losses of human lives and property. Several dam failures 

in the past have proved this idea and the importance of the subject “dam security”. 

The statistical data and the lessons learned from the past disasters, help to improve the dam regulations 

and guidelines with the main goal of reducing the incidents probability, related with large dams. The 

statistical data also shows that embankment dams are the most common dam type where failures can 

happen. Generally, problems at embankment dams are related with piping or overtopping issues. 

The phase of dam design, mainly the aspects related with materials criteria and filter criteria, as well 

as the phase of dam construction, first filling and first year of operation should be analysed to 

minimize errors that still continue to exist. Some parameters and potential errors were already 

analysed and classified, and now it is important that just the best practices are chosen, taking also into 

account the economical aspects.  

It is necessary to continue the work and research of the last 50 years and to continue decreasing the 

number of dam incidents. However, in the next years many dams will need rehabilitation, repairs, and 

new solutions to avoid any kind of problems, especially those that could lead to failures. The dam 

safety is one of the most challenging engineering problems and new developments should be done to 

find better systems capable to decrease the dam failure probability.  

This dissertation, in this context, deals with dam failure causes and related preventive measures. It 

compares Austrian and Portuguese situations. It describes mainly embankment dams. It integrates the 

problem in the world context and uses internationally published information by academics, Authorities 

and the regulations as the main information source for its preparation. 

 

KEYWORDS: dam failures, large dams, dam safety, embankment dams, pipping, overtopping, 

regulations.  
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RESUMO  

Em todo o mundo existem cerca de 50.000 grandes barragens que foram construídas para diversos 

propósitos. A retenção de grandes quantidades de água qualifica este tipo de estruturas hidráulicas 

com um cariz especial a nível de projeto, construção e operação. A rotura de uma grande barragem 

tem associado um elevado índice de desastre, o qual poderá resultar na perda de bens e vidas humanas. 

Inúmeras roturas de grandes barragens no passado têm reforçando a ideia da importância da segurança 

de barragens. 

Os dados estatísticos e as lições aprendidas dos desastres passados ajudam a melhorar os regulamentos 

e as orientações, com o objetivo principal de reduzir a probabilidade de incidentes em grandes 

barragens. Os dados estatísticos também demonstram que as barragens de terra são o tipo de barragem 

onde mais acidentes e roturas já aconteceram. De um modo geral, os problemas em barragens de terra 

estão associados com problemas de erosão interna ou galgamento.  

Durante a fase de projeto, principalmente os aspetos relacionados com os critérios dos materiais e dos 

filtros, assim como a fase da construção, do primeiro enchimento e do primeiro ano de operação 

devem ser controlados e monitorizados com maior rigor para minimizar os erros que ainda continuam 

a existir. Diversos parâmetros e potenciais erros foram respectivamente analisados e classificados, e 

agora é importante seleccionar apenas as melhores práticas, tendo sempre em atenção os aspetos 

económicos.  

É necessário continuar com o trabalho dos últimos 50 anos e continuar a diminuir o número de 

incidentes em barragens. Contudo, durante os próximos anos um elevado número de barragens irá 

precisar de operações de reabilitação, reparação e novas soluções que diminuam a probabilidade de 

problemas. A segurança de barragens é um dos grandes desafios para os engenheiros e novos 

desenvolvimentos devem ser feitos para descobrir novos e melhores sistemas capazes de diminuir a 

probabilidade de rotura de grandes barragens.  

Neste contexto, esta dissertação aborda as causas da rotura das barragens e as medidas preventivas 

associadas. Integra também a comparação entre os casos Austríaco e o Português, focando 

principalmente as questões relacionadas com barragens de aterro. Esta dissertação engloba o problema 

no contexto mundial e usa informação publicada internacionalmente por académicos, autoridades e 

regulamentos como principal fonte de informação para a sua preparação. 

 

PALAVRAS-CHAVE: rotura de barragens, grandes barragens, segurança de barragens, barragem de 

aterro, erosão interna, galgamento, regulamentos.  
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KURZFASSUNG 

Weltweit werden ca. 50.000 große Talsperren zum Zweck der Energieerzeugung und Bewässerung 

betrieben und erhalten. Diese Bauwerke können im Versagensfall auf Grund der Flutwelle große 

Schäden im Unterwasser verursachen, im schlimmsten Fall können diese von personeller Natur sein. 

Versagensfälle in der Vergangenheit zeigen die Wichtigkeit der regelmäßigen Kontrolle sowie 

ständigen Überwachung dieser Anlagen. 

Die Unglücke der Vergangenheit haben die strukturellen Schwachstellen bzw. Probleme in der 

Planung als auch während des Betriebs aufgezeigt. Die Lehren daraus wurden in den 

dementsprechenden Regelwerken umgesetzt, wodurch sich die Sicherheit dieser Anlagen verbesserte. 

Statistisch gesehen ist die relative Versagenswahrscheinlichkeit von Schüttdämmen am häufigsten, 

denn der Dammkörper kann auf Grund von Überströmen oder innerer Erosion abgetragen werden. 

Durch die Kenntnis der Versagensmechanismen muss während der Planung im speziellen bei 

Schüttdämmen darauf geachtet werden, dass die Dammmaterialien entsprechend der in den 

Regelwerken vorgegebenen Kriterien ausgewählt und angeordnet werden. In der Bauphase ist darauf 

zu achten, dass diese Materialen entsprechend der Vorgaben eingebaut werden. Um potentielle Fehler 

in diesen Phasen frühzeitig erkennen zu können ist es wichtig, dass der Damm während des 

Ersteinstaus und des ersten Betriebsjahres intensiv überwacht wird.  

Es ist notwendig, die Arbeit und Forschung der vergangenen 50 Jahre auf diesem Gebiet fortzusetzen 

um das Verständnis der Versagensmechanismen zu erweitern. Talsperren werden auf eine 

Nutzungsdauer von bis zu hundert Jahren oder mehr ausgelegt. Somit werden in Zukunft 

Rehabilitationsarbeiten und Anpassungen an neue Normen notwendig sein um die Sicherheit für die 

Zukunft gewährleisten zu können. 

 

SCHLAGWÖRTER: Talsperren, Sicherheit, Staumauern, Staudämme, Versagen, Überströmen, innere 

Erosion. 
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1 
INTRODUCTION 

 

 

1.1. INTRODUCTION - TOPIC AND TARGET OF THIS WORK 

During all human civilization, humans have been trying to control the water, because this element is 

essential to people’s life. In the last centuries one of the main goals was to find a way to store water, 

and for this purpose the concept of “dams” was created. On a worldwide scale thousands of large dams 

exist, and they are very elegant and “affirmative” structures and, especially because of that, they are 

also called as incredible “complexes art structures”. The dams have several purposes as water storage, 

generation and storage (pumped storage power plants) of electricity, irrigation, flood control, and 

others. However, for all purposes it is required to create reservoirs for storing the water and related 

with this there are the risks, in case of shortages of control.  

It is essential to know and understand that a failure of a dam can result in a major disaster that can 

create huge losses of both human life and property. In the last 100 years, more than 200.000 people 

died and another thousands lost their houses and properties, making the topic of dam failures a very 

important matter of research and analyse.  

The main objective of this Master Thesis is to contribute for the reduction of dam incidents, showing 

especially the problems and repair measures for embankment dams. This thesis has as base the 

statistical data about incidents around the world, beginning with the analysis from the lessons learned 

of past incidents.  

As a matter of fact, important progress has been made in the development of dam design, construction 

and operation, based in the lessons learned and also in the advancement of technology. These two 

aspects have given rise to the improvement of safety criteria and have been taken into account within 

national legislations devoted to dam safety, and also to international recommendations that represent a 

reference to the whole dam engineering community. 

However, the probability of dam failures is still high in some cases what can lead to huge disasters. 

Concluding with the main goal, the topic of dam failure and consequently the increase of dam safety 

should be carefully analysed, mainly taking into account the management of existing dams, including 

rehabilitation, renovation and optimizing the operation of dams for multiple functions. 
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1.2. DELIMITATIONS 

This thesis is focused in large dams, following the general ICOLD classification. After chapter 4, 

about statistics about incidents, the embankment dam type is analysed in a more detailed approach, 

associated to piping and overtopping problems.  

As it will be possible to understand along this thesis, these are the most problematic incident causes of 

dams and because of this reason more precisely analyses are done. 

Some points are related with Portuguese and Austrian dam cases, because the author developed this 

master thesis at Graz as a result of an international agreement between the Faculty of Engineering of 

University of Porto (Portugal), and the Institute for Hydraulic Engineering and Water Resources 

Management at Graz University of Technology (Austria). 

 

1.3. THESIS STRUCTURE 

This thesis is structured in seven main chapters. 

Chapter 1 is the introduction where a background of dam failures is presented. Also, the main 

objectives and structure of the thesis are detailed. 

Chapter 2 describes the ICOLD dam classification and a brief explanation about the different dam 

types, followed with Portuguese and Austrian dam examples.   

Chapter 3 shows and describes the Portuguese and Austrian Regulations, Guidelines and Dam 

National Authorities. Inspections and maintenance measures during all phases of a dam lifetime are 

also presented. 

Chapter 4 presents some statistical data about dam incidents, as well as the main causes of dam 

failures by dam type and characteristics. It is specially a statistical analysis of data. 

Chapter 5 describes and analyses the piping and overtopping problems as dam failure causes in 

embankment dams. 

Chapter 6 presents several repair measures to avoid and decrease the potential of piping and 

overtopping events in embankment dams. 

Chapter 7 draws out some relevant conclusions of this dissertation, as well as recommendations for 

future research. 
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2 
DAMS - CLASSIFICATION AND 

TYPES 

 
 

2.1. INTRODUCTION 

The main goal of this chapter is to describe the several types of dams, according to the ICOLD 

(International Commission on Large Dams) classification, followed by examples of Portuguese and 

Austrian dams.  

 

2.2. DAM CLASSIFICATION 

According to ICOLD, dams can be grouped into two main categories, embankment dams and 

concrete dams, each of which is further subdivided. The following classification is usually called 

“traditional classification” and is based on different features such as the design solution for the dam 

structure or the type of material. 

The first group, embankment dams can be subdivided in earth and/or rockfill category, depending on 

the main material used to build the dam. These dams resist the water pressure by their weight and if 

the material is not enough watertight, the dam has a watertight core or receives a watertight superficial 

cover. 

In the case of concrete dams, the most widespread type is the gravity dam, accounting for two thirds 

of the total. This type of dam also resists water pressure by their weight, and is composed by a roughly 

triangular cross section. A stable and stiff rock foundation is needed for this type of dam. 

In the other hand, arch dams can transmit most of the water load into the abutments at the slopes of 

the valley. Due to this thrust at the foundation a foundation of rock material is essential. Weak rock 

zones must be removed and substituted by large concrete blocks.  

The buttress dams, transmit the water load to a triangular buttresses parallel to the direction of the 

river flow. 

The multiple arch dams consist of a number of small arches bearing on buttresses, [1]. 
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2.3 LARGE DAMS DEFINITION - ICOLD 

It is also important to define that this master thesis is about large dams. According to ICOLD, a large 

dam is defined as one which is: 

 More than 15 meters in height, measured from the lowest point of the general foundations to 

the crest of the dam; 

 More than 10 meters in height, measured as in previous topic, provided they comply with at 

least one of the following conditions: 

 The crest is not less than 500 meters in length; 

 The capacity of the reservoir formed by the dam is not less than 1 million cubic 

meters; 

 The maximum flood discharge dealt with by the dam is not less than 2000 cubic 

meters per second; 

 The dam is of unusual design; 

 No dam less than 10 meters in height is included. 

The International Commission on Large Dams (ICOLD) is a non-governmental international 

organization which provides a forum for the exchange of knowledge and experience in dam 

engineering. 

The organization leads the profession into ensuring that dams are built safely, efficiently, 

economically, and without detrimental effects on the environment. Its original aim was to encourage 

advances in the planning, design, construction, operation, and maintenance of large dams and their 

associated civil works, by collecting and disseminating relevant information and by studying related 

technical questions, [2], [3]. 

 

2.4. EMBANKMENT DAMS 

It is a fact that in general more than 70 percent of the world dams are embankment dams and the 

history of construction of embankment dams is much older than that of concrete dams. 

Embankment dams can be easily defined as those that are constructed mainly with soils and rock, also 

called “natural materials of the earth”. 

Making a comparison between embankment and concrete dams, the embankment dams have two main 

advantages, related with the topography of the site and with economy factors.  

According with site topography, the embankment dams can be built in much more sites than concrete 

dams, because they can be built in rock or soil foundations, while concrete dams require rock 

foundation and abutments to support the loads.  It is also possible to build embankment dams on an 

open-country location. 

 

The construction of embankment dams has an economical advantage, because the dam project can be 

planned to use materials excavated at/or near the dam site, minimizing the processing costs. This type 

of construction usually is considerably more economic than the construction that involves the 

production of mass concrete.  
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However the main disadvantage of embankment dams versus concrete dams is that when they are 

exposed to overtopping problems they have more probability to fail.  

During the dam project phase, several factors are analysed to choose the final dam design for one 

particular site. The three main factors to control that should be considered in order to choose the more 

adequate type dam are: 

 The topography and geology of the dam site and reservoir area; 

 The strength and variability of the foundations; 

 The availability and suitability of the construction materials. 

The requirements for spillway and outlets, the climatic conditions and the reservoir operations are also 

parameters that have to be considered. On the other hand, the cost of construction usually is the final 

factor in the determination of which type of dam to build.  

 

Inside the embankment dams category, we can distinguish between two different types, earthfill and 

rockfill dams. The earthfill dam is a dam that contains more than 50 percent, in volume, of earthfill 

materials, usually filled with soil and rock materials that are predominantly gravel size or smaller.  

A rockfill dam is considered when the rockfill materials, in volume, are more than 50 percent, 

predominantly of cobble sizes or larger. 

 
 

2.5. EARTHFILL DAMS 

The earthfill dams can be divided in two basic types, the homogenous and the zoned category. A large 

number of embankment dams have been designed and constructed, and a big number of these dams 

are homogenous embankments.  

 

     

(a) - Homogeneous earthfill;                                                     (b) – Zoned earthfill; 

 

Fig.  2.1 - Sketches of two typical types of earth dams; [1] 

 

2.5.1. HOMOGENEOUS EARTHFILL 

In general, a purely homogeneous type of dam consists of a dam built with a single kind of material, 

excluding only the slope protection. 

The main properties required for the material for a homogeneous embankment dam are: 

 The material must be sufficiently waterproof (low permeability) to prevent excessive loss of 

water through the dam. It is necessary, according to the safety of the structure and the value 

of the lost water, to calculate the acceptable water loss; 
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 It must be capable of giving a practically homogeneous mass after it is placed and 

consolidated, without formation of potential paths of percolation, either through the fill or 

along its contact with the foundation; 

 The material should develop a maximum practical shear strength under compression and 

maintain most of it after the filling of the reservoir; 

 It must not consolidate, soften or liquefy upon saturation.  

 

In these type of dams, to avoid sloughing, the upstream slope must be flat enough to maintain stability 

if rapid drawdown of the reservoir after, long-term storage, is anticipated. 

In the other side, the downstream slope must be flat enough to provide embankment stability when the 

reservoir is filled and the most part of the dam becomes saturated. 

 

Nowadays, purely homogeneous embankment dams are not recommended, because they are mainly 

classified as high hazard dams. With the development of several studies, and with the experience in 

embankment dams, the design philosophy has changed from minimizing seepage to controlling 

seepage and the saturation of the phreatic surface, by incorporating filter and drainage elements, thus 

permitting steeper slopes. These kind of changes, of including drainage features, makes it possible to 

build a dam in places where readily available soils show little variation in permeability, and soils of 

contrasting permeability’s are available only in minor amounts or at considerably greater cost [4], [5]. 

The next images show several different options of a modified homogeneous dam.  

 

Fig.  2.2- Homogeneous section; [2] 

 

Fig.  2.3- With rockfill toe; [2] 

 

Fig.  2.4– With horizontal drainage blanket; [2] 
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Fig.  2.5– Chimney drain; [2] 

 

2.5.2. ZONED EARTHFILL 

The zoned earthfill is characterized by a central waterproof zone, called the core, and is flanked by 

zones of materials generally more pervious, called shells. These types of dams are usually constructed 

in areas where several material types are available, such as clays, silts, sands, gravels, and rock. 

The main advantage of zoned earthfill dams is the capacity to put different materials in various zones 

and therefore their best properties are used most beneficially, and their poor properties are mitigated.  

Typically, the central impervious core is flanked by upstream transition zones, downstream filters and 

drains, and other zones or shells composed by gravel fill, rockfill, or random fill, which are 

considerably stronger than the core. Some zoned earthfill dams also have transition zones, that can be 

necessary, depending on the gradation of the shell material. 

The goal of the shells is to support and protect the impervious core, transition zones, filters and drains, 

while the upstream pervious zone provides strength for stability against rapid drawdown. In the other 

side the downstream zone provides strength to buttress the core and filters making it possible to use 

steeper slopes, becoming the dam more economical.  

When the shell is very pervious, it is necessary an upstream transition zone to provide protection 

against internal erosion or washout of the core during rapid drawdown, and also protection against the 

cracking of the core. To control seepage and leakage, and to prevent sediment transport through any 

cracks in the central impervious core downstream filters and drains are used. 

Usually, the designation “thin core” is used, if the horizontal width of the impervious zone at any 

elevation is either less than 3 meters or less than the height of the embankment, above that elevation in 

the dam. The impervious core should be constructed from more impervious fine-grained soils such as 

silts, clays, sandy silts, sandy clays, and gravelly clays, or mixtures thereof. However, “fat clays” and 

“gravelly silts” can also be used for the impervious zone, but with moderation.  

 

The upstream slope protection generally extends from the crest of the dam to a safe distance below the 

top of the inactive capacity water surface and the main types of surface protection are dumped rock, 

riprap, and soil-cement. Nevertheless, it is also possible to use steel facing (high costs), concrete 

pavement, asphaltic concrete pavement, precast concrete blocks and wood, to protect the slope. 

The downstream slope protection is essential to protect the dam against erosion caused by wind and 

surface runoff using a layer of rock, cobbles or sod.  

 

 



Hydraulic Engineering - Failure of Large Dams 
 

8                                               
 

Concluding, an earthfill dam must be stable during all the phases of construction and operation of the 

reservoir, which means that it is necessary to use some defensive design measures, according to the 

potential hazard to the public from each specific dam. In special cases, such in earthquake regions, the 

filters and drains are designed with increased widths to provide for the potential occurrence of 

cracking or displacement of the embankment, during an earthquake. For these reasons, generally it is 

necessary to build toe drains to provide seepage control and also in pervious foundations, relief wells 

are sometimes used to control seepage or to reduce pore pressures, deeper in the foundation. 

 

2.5.3. FILTER DESIGN  

The filter design for the drainage layers and internal zoning of a dam is a critical part of the 

embankment design. Filters are very important in embankment dams and their foundations for the 

following two basic functions: 

 To prevent erosion of soil particles from the soil they are protecting; 

 To allow drainage of seepage water. 

 

It is required that the individual particles in the foundations and the embankment are held in place and 

do not move as a result of seepage forces. The basic concept of filter design is to design the particle 

size distribution of the filter so that the voids in the filter are sufficiently small to prevent erosion of 

the base soil but in the other hand, it is required to be sufficiently permeable to freely discharge 

seepage.  

 

The evolution of filter design has basically developed from the concepts of Terzaghi (1926), and in 

1994 the International Commission on Large Dams (ICOLD) published the following characteristics 

of an ideal granular filter:  

 Filter materials should not segregate, degrade or break down during processing, handling, 

placing, spreading, or compaction, which means that the gradation of granular filters should be 

sufficiently uniform; 

 Filter materials should not have apparent or real cohesion or the ability to cement as a result of 

chemical, physical, or biological reactions; 

 Filter materials should be internally stable, that is, the fine particles of a filter should not 

migrate within the filter and consequently clog the downstream filter section; 

 Filter materials should have sufficient permeability to discharge the seepage flows without 

excessive build-up the of head; 

 Filter materials should have the ability to control and seal the erosion which may be initiated 

by a concentrated leak, backward erosion, or suffusion (internal instability) in the base soil. 
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Fig.  2.6– Example of determination of grain size distribution of filter; [10];[11] 

 

Filter Criteria for: 

 Soil retention: the voids of the filter should be small enough to prevent the passage of the 

protected base soil; 

D15(𝐹𝑖𝑙𝑡𝑒𝑟)

D85(𝑆𝑜𝑖𝑙)
≤ 4 𝑡𝑜 5 

 

 Drainage: the permeability of the filter should be sufficiently large, that is, the voids of the 

filter should be sufficiently large to permit the seepage without building up pressure; 

 

D15(𝐹𝑖𝑙𝑡𝑒𝑟)

D85(𝑆𝑜𝑖𝑙)
≥ 4 𝑡𝑜 5 

Where: 

D15(F) = particle diameter of the filter corresponding to 15% finer by mass; 

D85(S) = particle diameter of the base soil corresponding to 85% finer by mass; 

 

The USSCS (United States Soil Conservation Service) and Sherard and Dunnigan in 1985, carried out 

extensive laboratory testing to check filter criteria. Based on these tests, Sherard and Dunningan 

(1985, 1989) recommended the ruler defined on Table 2.1. [10]; [11]; [12] 
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Table 2.1 – Filter criteria recommended by Sherard and Dunnigan (1985); 

 

(1) - The percentage of fines and d85 are determined from the sand fraction (< 4.75 mm) of the base 

material; 

(2) - The A-value is the percentage of the base material passing the 0.075 mm sieve after regrading; 

 

2.5.4. EXAMPLES  

2.5.1.1. The Pisco Dam, Portugal 

A Portuguese example of a homogeneous earthfill dam is a “Pisco Dam”, located in Ramalhoso River, 

in Castelo Branco, Portugal.  

This dam was completed in 1968 and is still in use. The main function/usage of the dam is for 

irrigation, industrial water dam and fresh water dam to supply Castelo Branco city.  

 

 

 
Fig.  2.7– Cross section and plan of Pisco Dam; [8] 
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Main characteristics of the dam: 

Dimensions:  

 Height = 23 m 

 Retained water volume = 1,4 hm³ 

 Crest length = 160 m 

 Dam volume = 58 000 m³ 

 Length (crest) = 260 m 

 Width (crest) = 8 m 

 Elevation = 501 m 

 Foundation = shales and greywacke 

 

Spillways:  

 Location = left side 

 Type of control = without control 

 Type of discharger = slope channel 

 Capacity = 43 m
3
/s 

 
 
 
 

     
Fig.  2.8 – Aerial photographs of Pisco Dam (1974 and 1999); [8] 

 

The Pisco Dam is an interesting example because this dam had huge problems and was necessary to 

make a rehabilitation in 2002.  

In December of 2000 with heavy rainfall the spillway of Pisco dam suffered huge damages that 

threatened the stability of the dam itself and motivated an emergency intervention. After some 

researches and studies involving many different solutions for the problem, it was decided to 

rehabilitate the old spillway and also to design and build a new spillway and bottom outlet.  
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Fig.  2.9– New spillway of the Pisco Dam alongside the old one; [9] 

 

2.5.2.1. The Sabugal Dam, Portugal 

A good example of a Portuguese zoned earthfill dam is the Sabugal Dam, located in Côa River, in 

Guarda district, Portugal.  

This dam was completed in 2000 and is still in use. The main function/usage of the dam is for 

irrigation, supply and energy.  

 

 

 

Fig.  2.10– Plan and cross section of Sabugal Dam; [8] 
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Main characteristics of the dam: 

Dimensions:  

 Height = 58,5 m 

 Retained water volume = 114,3 Mm³ 

 Crest length = 260 m 

 Dam volume = 1,894 Mm³ 

 Elevation = 790 m 

 Foundation = shales and greywacke 

 

Spillways:  

 Location = right side 

 Type of control = without control 

 Type of discharger = slope channel 

 Capacity = 182 m3/s 
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Fig.  2.11– Aerial views of Sabugal Dam; [8] 

 

2.6. ROCKFILL DAMS 

As mentioned before, it is possible to subdivide the embankments dams into two categories, the 

earthfill dams and the rockfill dams. According to ICOLD, the definition of a rockfill is “an 

embankment type of dam, dependent for its stability primarily on rock. As rockfill dams must contain 

an impervious zone - now usually selected earth with filter zones, comprising a substantial volume of 

the dam - the term Rockfill dam usually represents a dam that contains more than 50% of compacted 

or dumped pervious fill. The dam is dependent for water tightness on an impervious upstream blanket 

or an impervious core” [42]. 

 

The main advantages of a rockfill dam construction, that determine that they are economically 

favourable, instead of other type of design are the following: 

 Construction during wet and cold weather, is possible; working under difficult weather 

conditions if possible in rockfill dams, that would not conceivable in earth or concrete 

constructions; 

 When large quantities of rock are readily available or in the other hand will be excavated 

during the project, coming for example from the spillway channel or tunnel; 

 Concrete aggregates or earthfill materials require an extensive process to be used, harder than 

materials for rockfill dams; 

 Short construction seasons prevail; 

 When the foundation conditions are not good, especially where high hydrostatic uplift is likely 

to be a factor in design; 
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Concluding, with this type of dam design very rapid constructions are possible, mainly because of two 

reasons: the possibility to work under bad weather and because it is not necessary to interrupt the 

process of filling with rolling or other separate compaction operations. 

Generally, rockfill dams may be classified into three different groups, depending on the location of the 

membrane, as follows: (a) central core, (b) inclined or sloping core, and (c) membrane faced, also 

called “upstream membrane or decked”. In the following images, it is possible to understand these 

three different types with cross sections examples (figures 2.12 to 2.14). 

 

 

Fig.  2.12– Rockfill Dam with a centrally located core; [2] 

 

 

Fig.  2.13– Rockfill Dam with an inclined core; [2] 

 

 

Fig.  2.14– Rockfill Dam with a facing; [2] 
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The reasons that distinguish the cases where it is necessary to use the inclined core instead of the 

centre core are when the dam foundation has a steep inclination along the river, when a blanket zone is 

provided in the previous foundation to be connected with the impervious core zone, and when 

different construction processes are possible for the placement of core and rockfill materials. 

Usually, the inclined and central cores are referred to as internal membranes and the membrane faced 

is called as “upstream membrane”. According with each case of foundation conditions, materials 

available and type of membrane, it is possible to have more or less advantages to use each one of the 3 

solutions.   

The internal membrane takes advantage versus the upstream membrane when the following conditions 

exist: 

 More protection against extreme weather effects and external damage; 

 Shorter grout curtain because of straighter alignment; 

 When the core is centrally located, it can be possible to provide future remedial grouting from 

the crest; 

 Easier adaptation to less favourable foundation conditions, mainly when it is a central core; 

 The internal membrane, usually does not need a specialized construction as may be needed for 

the upstream membrane. 

 

On the other side, the upstream membrane also has several advantages when compared with internal 

membranes, such as: 

 They are readily available for repair and inspection, if the reservoir can be drawn down; 

 Foundation grouting is not on the critical path of the construction;  

 If a gallery is included at the upstream toe it is possible to provide in the future some grouting 

repair; 

 A larger portion of the embankment remains unsaturated, which is positive for both static and 

dynamic stability; 

 More mass of the embankment is available for stability against base sliding; 

 The membrane can provide slope protection;  

 Under wet or cold climates, this membrane is better because it is not necessary to place at the 

same time membrane and filters with the rockfill; 

 With the downstream portion of the embankment essentially unsaturated and strong, failure of 

this type of dam is difficult to envision; 

 It is easier to raise up this type of dam later. 

 

However, and with all this advantages and disadvantages, the choice will generally be based on 

economic and site specific conditions. Normally, it is recommended that the external upstream 

membrane is made of concrete or asphalt and it is also necessary that the reservoir is able of being 

drawn down to an elevation that allows some inspection or repair that may be needed. Equipments, 

such as video cameras or audio devices, may be used for leak detection, and for minor repairs it can be 

made by specialized divers.  

Similarly, with an external membrane, it is also used, mainly in Europe, the asphalt or asphaltic 

concrete for the core of the rockfill dams. When an earth core is used, it is necessary to study carefully 

the associated costs to the adequate filters layers to ensure filter compatibility between the core and the 

rockfill shells, upstream and downstream. 
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In the history of the dams, the first dam with an asphalt core was completed in Norway in 1978, and 

since then it is one of the options that is used most of the times, due to the many advantages of this 

construction process. These positive aspects arise from the fact that, inside a dam, the asphalt is kept 

under “virtually ideal conditions”, without exposure to the sun and with constant temperatures which 

means that oxidation or hardening does not occur over the time. Other reasons of good performance 

are related with the ability to adjust to deformations and differential settlements in the dam foundation. 

These displacements accumulate during the embankment construction and also during the filling of the 

reservoir. The reduced time for construction that it is directly connected with the dam costs, compared 

with earth core, is lower because it is possible to continue the construction even during rainy or cold 

weather [14], [15], [16]. 

 

 

Fig.  2.15– La Romaine 2 Dam, Canada (2012) – Rockfill Dam with an asphalt concrete center core; [13] 

 

2.6.1. THE FINSTERTAL DAM, AUSTRIA 

One of the most iconic dams in Austria, is the Finsterdal rockfill dam with 150 meters high and with 

an asphaltic concrete core. The base width can be specified with 96 meters. This dam is located at an 

altitude of 2325 m above sea level, which means that was built in a special topography, which was an 

interesting problem for civil engineers. The dam was constructed between 1977 and 1980 and due to 

the difficult climatic conditions, the construction work was only possible on around 100 days in the 

year. 

This dam has an inclined thin core, a surface of 37 000 m², and thickness decreasing with height from 

70 to 50 cm and it was one the first dams of this type. For the pioneering role of this dam, it was 

necessary to implement a large monitoring system with several innovations, and it covers the 

deformation behaviour of the entire dam body with particular focus on the core and the adjacent 

central zone and also a precise sectional seepage control. This dam is still in operation. 
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 [Legend: (1) - Asphaltic concrete core; (2a) - upstream filter layer; (2b,c) - drainage layer, rock 

material; (3, 3a) - rockfill; (3b) – moraine material; (4) – protective lining; (5) – deposited moraine 

material;] 

Fig.  2.16– Finstertal Dam cross section; [20] 

 

 

Fig.  2.17– Aerial view of Finstertal Dam; [18] 

 

 

2.6.2. THE PEGO DO ALTAR DAM, PORTUGAL 

Pego do Altar dam is a Portuguese rockfill dam with an upstream watertight face made of welded 

stainless steel plates with elastic joints. This dam is located at Santa Catarina River, in Setúbal, and 

was built in 1949. The stored water is used for irrigation of the downstream hydro agricultural 

development and in hydroelectric production.  
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Fig.  2.18– Pego do Altar Dam cross section; [8] 

 

Main characteristics of the dam: 

Dimensions:  

 Height = 63 m 

 Crest length = 192 m 

 Dam body volume = 371.000 m³ 

 Crest width = 5 m 

 Foundation = clayey schist 

 Reservoir = 94 hm³ 

Spillways:  

 Location = right bank 

 Type of control = controlled 

 Type of discharger = shaft spillway 

 Capacity = 1200 m3/s 

 
 

 

    

Fig.  2.19– View of steel plates at upstream side, and downstream side of Pego do Altar Dam; [8]; [17] 

 

 

2.6.3. THE GEPATSCH DAM, AUSTRIA 

The Gepatsch dam is a rockfill dam with a central core and is located in the Kauner Valley, Tyrol, 

Austria. This dam was built in 1961 – 1964 with 153 m high, being one of the highest rockfill dams in 

Austria. The dam has a bulk volume of approximately 7.1 million cubic meters and the dam crest is 

600 m in length with a reservoir storage volume of 140 cubic hectometres.  
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Fig.  2.20– Cross section of Gepatsch rockfill dam; [23] 

 

 

Fig.  2.21– Aerial view of Gepatsch Dam and reservoir (downstream side); [22] 
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2.7. CONCRETE DAMS 

The concrete dams, such as it has been referred in the beginning of the chapter can be sub-divided into 

4 different types: gravity dams, arch dams, buttress dams and multiple arch dams, according to the 

designs used to resist the stresses due to the reservoir water pressure.  

The gravity dams are the most common type of concrete dams, and the main goal is that the mass 

weight of concrete and friction resist to the reservoir water pressure. The buttress dam is similar to the 

gravity dam, but with less mass of concrete that is substituted by vertical or slopping buttresses that 

lead the forces to the dam foundation. These dams are constructed of vertical blocks of concrete with 

flexible seals in the joints between the blocks. 

The arch dams are considered for many people as one of the most elegant of civil engineering 

structures. This type of dam is a curved, relatively thin curtain of solid concrete that is reinforced with 

steel, in some special areas such as bottom outlet, with the concave side of the curve facing for 

downstream. The arch dam uses the weight of the water on the upstream side to transfer the loads 

along the arch to the abutments.  

The multiple arch dams are a mix between the arch and buttress dam types, which means a dam with a 

number of single arches supported by buttresses. 

Generally concrete dams are used more often than embankment dams to produce hydroelectric power, 

and nowadays schemes with concrete dams are generating approximately 20% of the electricity 

worldwide.  

 

2.8. GRAVITY DAMS 

A concrete gravity dam has a cross section that looks like a triangle, with a flat bottom. The dam is 

free standing and the wide base is about three-fourths of the height of the dam. The forces of the water 

pressure from the reservoir upstream push horizontally against the dam, and the weight of the gravity 

dam pushes downward to counteract against the water pressure. The dam needs to have a center of 

gravity low enough to not topple if unsupported at the abutments.  

This type of dam requires normally more concrete for their construction than the other types of 

concrete dams to resist the hydrostatic pressure of the reservoir. An important consideration in this 

kind of dam is the availability of suitable aggregate for the manufacture of the concrete [27], [28]. 

 

The main advantages of gravity dams are: 

 They are more appropriate in steep valleys, where earth dams may tend to slip; 

 Surplus water can be discharged through the sluices provided in the body of the dam or over 

spillways built in a suitable location of the dam; 

 Normally a gravity dam does not fail suddenly; its eventual failure can be predicted well in 

advance using monitoring devices, which means that loss of life or property can be 

minimized; 

 The maintenance cost is lower and the benefit of cost ratio is higher; 

 The sedimentation on the upstream base of the reservoir, may be cleared through deep set 

sluices. 
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On the other side, the main disadvantages are: 

 The initial cost of construction is high; 

 The duration of the construction is comparatively higher; 

 This type of dam requires a strong and sound foundation; 

 Dams once built, cannot be raised higher. [29] 

 

Fig.  2.22– Cross section of a gravity dam; [12] 

 

For a project of a gravity dam it is necessary to consider:  

 Usual loading cases: dead weight; earth pressure loading; water loading; maximum and 

minimum operating water level; joint pressure; temperature; anchor loading; 

 Unusual loading: empty reservoir; ice loading; operating basis earthquake; flood HQ 100; 

 Extreme loading: flood water level; safety evaluation earthquake; failure of pre-stressed 

anchors. 

 

Two factors that affect directly the design of a dam are the intensity of hydrostatic pressure at various 

points, within or under the dam, and also the area upon which pressure acts. In the design process the 

uplift pressures have to be considered. Grout curtains and drainages can reduce the uplift. 

It is necessary and very important to ensure a satisfactory and safety function over the entire life of the 

dam to have a good drainage system. This drainage system is in the form of curtain of cored vertical 

holes with approximately 150 mm of diameter at 3-5 m spacing. Above the tailwater level a gallery 

runs from one end to the other, and drainage from the holes is led away by open gutters, with 

measuring weirs installed to record the flow (see figure 2.23). 
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Fig.  2.23– Sketch showing the gallery and drains in a gravity dam; [29] 

 

2.9. ROLLER-COMPACTED CONCRETE (RCC) 

Nowadays, an innovative technology of placing concrete on dams, Roller-Compacted Concrete (RCC) 

has replaced in many cases the traditional way of building concrete dams, which was based on the use 

of Conventional Vibrated Concrete (CVC). This construction technique uses heavy rollers to press the 

concrete during construction using procedures similar to those used for earthfill dams. 

The economy of RCC is the key of the success of this process that already has a history of more than 

35 years. The costs of RCC are much lower when compared with CVC dams, which comes from a 

higher speed of construction and to materials optimization. 

However, the concrete mix, or combination of mixes, used in some RCC dams, has not yet achieved 

the level of performance which is required. Based on these problems, the engineers have developed a 

new mass concrete mix that is called Immersion Vibrated-Roller Compacted Concrete (IV-RCC). The 

new mass concrete mix is suitable for consolidation either by traditional immersion vibration or by 

roller compaction, being this the better characteristic of this new development. The new experiences 

show that the end product has similar quality to the traditional mass concrete, which means that this 

type of construction will be more and more used in new dams projects. 

Concluding, another advantage of the RCC method, when compared with traditional gravity dams, is 

the fact that there are no joints where seepage could occur, which reduces the failure risk [24], [26]. 

 

Table 2.2 – Mix proportions of IV-RCC; 
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2.9.1. THE PEDRÓGÃO DAM, PORTUGAL 

In the Alentejo region of southeast Portugal, Pedrógão dam is a straight gravity structure 450 m long, 

including a 300 m long free surface spillway. This dam is a part of the complex project of Alqueva 

dam on the Guadiana river, with the main purposes of irrigation for agriculture and of generating 

electricity. 

In the beginning of the design project, Pedrógão dam was designed as an RCC retaining dam, with 

free surface spillway, but with the incorporation of a power station into the blocks of the left bank, a 

fish lock and bottom and intermediate outlets were changed. The final project resulted in a composite 

structure, made from 250,000 m³ of conventional vibrated concrete (CVC) in the blocks on the left 

bank and of 150,000 m³ of RCC in the rest of the dam.  

This dam has a maximum height of 43 m above foundation level, and a hydroelectric power house 

with 10 MW. The spillway is without control, and the maximum flood discharger is 12.000 m³/s [8]. 

 

 

Fig.  2.24– Photograph of Pedrógão Dam (by EDP); [25] 
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Fig.  2.25– Cross section of Pedrógão dam & Sections of Pedrógão dam; [25] 

 

2.10. ARCH DAMS 

The arch dams are thin, curved structures commonly containing reinforcement, either steel rods or pre-

stressed steel cables, in some special areas. The main advantage of this type of dams is the amount of 

concrete required, that is much less than in other type of concrete dams. However the competency of 

bedrock in foundations and abutments to sustain or resist loads should be of a higher order.  

Generally, this kind of dams are built in narrow, deep gorges in mountainous regions, where in general 

the availability of constructions materials is a big problem.  

The engineers sub-divided the arch dams in two different types (see figure 2.26): 

 Constant radius arch dams – they normally have a vertical upstream face with a constant 

radius of curvature; 

 Variable radius dams – have upstream and downstream curves (extrados and intrados curves) 

of systematically decreasing radios,  with depth below crest; 

 

    

Fig.  2.26– Plan and cross section of Constant radius arch dams & Variable radius dams; [41] 

 

The next figure show (figure 2.27) the operation of a concrete arch dams and the direction of the 

different several forces.  The main factors that cause problems of deflections or dislocations, in this 

kind of dams, are due to the pressure of the water on the upstream face and the uplift pressures from 

seepage, beneath the dam, that tend to rotate the dam about its base by cantilever action. 
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Fig.  2.27– Sketch of a concrete arch dam; [23] 

 

The arch dam uses the weight of the water behind it to push against the concrete and close any joints, 

which means that the force of the water is part of the design of the dam. 

Concluding, the main goal of the design project team is to eliminate tensile stresses. However this is 

not always possible, because an irregular cross section can generate local stress concentrations. In 

these cases; it may be necessary the excavation of the abutments beyond the design limits, which will 

alter the geometry of the dam, and possibly affect its degree of connection with the surrounding 

mountainous. 

 

 

2.10.1. THE KÖLNBREIN DAM, AUSTRIA 

The Kölnbrein Dam is an arch dam in the Hohe Tauern range within Carinthia, Austria. It was 

constructed between 1971 and 1979 and has an eight of 200 m, which means that it is the tallest dam 

in Austria. 

The dam's reservoir serves as the primary storage in a three-stage pumped-storage power system that 

consists in a group of nine dams, four hydroelectric power plants and a series of pipelines 

and penstocks, with a group capacity installed of 1.028 MW.  

This dam is an interesting case study because, while the dam’s reservoir was filling, several cracks 

appeared in the dam, on its upstream heel, and it took more than a decade of repairs before the 

reservoir began operating at maximum level. The cracks happened because the uplift pressure on the 

dam increased unexpectedly. The location of this dam is in a “U” shaped valley instead of the usual 

“V” shaped for arch dams, and in this case the hydrostatic pressure is much stronger on the centre 

bottom upstream portion of the dam. 

https://en.wikipedia.org/wiki/Arch_dam
https://en.wikipedia.org/wiki/Hohe_Tauern
https://en.wikipedia.org/wiki/Carinthia_(state)
https://en.wikipedia.org/wiki/Austria
https://en.wikipedia.org/wiki/Reservoir
https://en.wikipedia.org/wiki/Pumped-storage
https://en.wikipedia.org/wiki/Hydroelectricity
https://en.wikipedia.org/wiki/Penstock
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Fig.  2.28– Cross section of Kölnbrein dam – with supporting structure on the downstream side; [40] 

 

Main characteristics of the dam: 

Dimensions:  

 Height = 200 m 

 Crest length = 626 m 

 Dam body volume = 1 580 000 m³ 

 Thickness at the crest = 7,6 m 

 Maximum thickness at the base = 41 m 

 Reservoir = 190 hm³ 

 

Spillways:  

 Location = right slope 

 Type of control = uncontrolled 

 Capacity = 138 m3/s 

 

 

 

 



Hydraulic Engineering - Failure of Large Dams 
 

28                                               
 

 

 

Fig.  2.29– Aerial views of Kölnbrein Dam and reservoir (by Verbund); [40] 

 

2.11. BUTTRESS DAMS 

A buttress dam, also called as hollow dam, is a dam that is supported at intervals, normally between 6 

and 30 meters, on the downstream side by a series of buttresses. In general, the buttress dams are made 

of reinforced concrete and are heavy, pushing the dam into the ground.  

The main principle of this type of dam is similar to a gravity dam. The water pushes against the dam, 

but the buttresses are inflexible which transmits the water pressure to the foundation. This means that 

they are compression members. The small cross-sectional area of the foundation means that buttress 

dams in general have very little uplift forces. 
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The buttress dam was developed from principles of the gravity dams, but the buttress dam uses much 

less material, and in several cases it can save approximately 40 percent in concrete. This percentage 

depends on the design and the location of the dam and is related with the clear spaces between the 

buttresses. However, this reason doesn´t mean that the dam is necessarily cheaper than a gravity dam, 

because it is necessary to introduce the extra costs of form work, reinforcement and more skilled labor. 

The dam wall may be straight or curved and, like gravity dams, they are suited to both narrow and 

wide valleys, and they must be constructed on sound rock. 

The buttress dams can be divided into three different types, according to the type of pressure floor. 

These 3 types are the deck type, the multiple arch type and the massive head type (see figure 2.30). 

 

 

Fig.  2.30– (a) massive-buttress type, (b) slab-and-buttress type, (c) multiple-arch type; 

 

2.12. MULTIPLE ARCH DAMS 

 This type of dam is considered a variation of an arch dam and a buttress dam in terms of design and 

structural aspects.  

A multiple arch dam requires the smallest quantity of material of any type of concrete dam. Normally 

this type of dam requires only approximately 25 percent of the “all concrete solution” that is used for 

the construction of a standard gravity dam at the same site. Whit this reduction of material, with the 

low uplift forces and with the good adaptability to a wide variety of canyon configurations this can 

influence the final project option. The foundation of a multiple arch dam does not have to be as solid 

as that of an arch dam. 

However, the reduction of concrete does not mean a lower final construction cost, because this type of 

dam requires a richer concrete mixture, reinforcement, and increased form work. Generally, the cost 

per volume of concrete is much higher in a multiple arch dam than in a gravity dam.  

 

2.12.1. THE AGUIEIRA DAM, PORTUGAL 

Aguieira Dam, is a concrete multiple arch dam with two buttresses in the middle of the arches. This 

dam is located on the Mondego River, in the municipality of Penacova, in Coimbra district, Portugal.  

The reasons for the dam construction are related with power production, flood control, water supply 

and irrigation.  

The good solution of the final project design of this dam made it a reference in the world of dams. The 

construction of the dam began in 1972, and was completed in 1981, and it is important to refer that the 

complex shape of this dam required a lot of hard and specialized work. The improvement of the 

stability of the buttresses in what regards to their foundations was obtained by means of a curved lay-

out, that had buttresses in a radial position, against the river banks. The sealing and drainage systems 
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of the foundation were also considerably improved by means of a foundation gallery, besides the usual 

grout curtains. 

The power plant went operational in 1981, and it is a pumped storage hydroelectric power station. 

 

 

Fig.  2.31– Plan and cross section of Aguieira dam; [8] 

 

Main characteristics of the dam: 

Dimensions:  

 Height = 89 m 

 Crest length = 400 m 

 Dam body volume = 365 x 1000 m³ 

 Reservoir = 423 000 hm³ 

Power house:  

 Power installed = 270 MW 

 Power groups = 3 Francis – turbine and 

pump; 

2 Spillways:  

 Location = dam body 

 Type of control = controlled 

 Capacity = 2080 m3/s 
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Fig.  2.32– Aerial view of Aguieira Dam, downstream side (by: www.a-nossa-energia.edp.pt); [33] 
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3 
DAM REGULATIONS             

AUSTRIA VS PORTUGAL 

 

 

3.1. INTRODUCTION 

In this chapter some information is show about the dam national authorities and their regulations with 

the goal of comparison between Austria’s and Portugal’s regulations.  

All this procedures or legal obligations have been a subject of concern for many years, owing to the 

potential damage often associated to scenarios of failure or to other serious accidents on dams. 

Austria and Portugal have approximately the same number of large dams however, the timing of the 

dam’s constructions, in the past, was different. By this reason and the fact of the distance between 

these countries, it is interesting to summarize some topics and to analyse the main similarities and 

differences. 

The several topics that are focused, are the regulations and if they are mandatory or just should be 

followed as guidelines. The dam national authorities and their type of authorization procedures to 

build a new large dam, as well as the topics of dam’s inspections and maintenances are also analysed 

and compared.  

 

3.2. DAM NATIONAL AUTHORITIES – REGULATIONS 

In the last 50 years, the number of dam failures has been considerably small, as a result of the 

development of technology, dam design, construction techniques as well as to the lessons learned by 

the careful analysis of incidents and failures. The results of these lessons have given an important help 

and progress to the safety criteria aspects and have been taken into account within national 

legislations. The international associations of large dams, like ICOLD, and their recommendations 

have been taken as a reference to the whole dam engineering community.  
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3.2.1. PORTUGAL  

In the case of Portugal the legal entities concerned with the control of dam safety are [43]: 

 Portuguese Environment Agency (APA), from the Portuguese Ministry of the Environment, 

Territory Management and Energy that acts as Dam Safety Authority, having general 

competence in supervising the owners’ compliance with the Regulations.  

 National Laboratory of Civil Engineering (LNEC), that provides the Authority with technical 

support for chosen dams of Class I (high potential damage); 

 National Authority for Civil Defence (ANPC), regarding the preparation of emergency 

plans; 

 Dam Safety Commission (CSB), that analyses the overall Portuguese dam safety progress, at 

least once a year, and gives its view on owners’ complaints about Authority decisions; 

 Owners, which have overall responsibility for the dams. 

 

In the topic of regulations, the first legal document in Portugal was edited in 1968, “Regulations for 

Small Dams”. After this, the main document about large dam safety is the “Portuguese Regulations for 

the Safety of Dams” (RSB), published in 1990 as a Decree-Law, and afterwards revised and re-issued 

in 2007. After 1990, some codes of practice were published, namely for design, construction, 

observation and inspection of dams. The mentioned documents are mandatory, and constitute legal 

obligations for all dam owners concerned within the scope of the Regulations. 

The next graph shows the chronological order of Portuguese Dam Safety Legislation. 

 

 
Fig.  3.1- Portuguese Dam Safety Legislation; [adapted of 44] 

 

Nowadays, the several Codes of Practice and the “Regulation for Small Dams”, revised and re-issued 

in 1993, are being revised again to be published during the next few years.   
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The main document for large dams, the “Regulations for the Safety of Dams” (RSB) applies to: 

 Dams with more than 15 meters of height, measured from the lowest part of the general 

surface of the foundations to the crest;  

 Dams with a reservoir capacity of over 100.000 m
3
;  

 Smaller dams presenting a high potential damage associated to the downstream inundation 

zone (Class I). 

 

This document has measures for dam safety control during the stages of design, construction, first 

filling of the reservoir, operation, abandonment and demolition including, in particular, surveillance 

and emergency planning measures. 

For the case of smaller dams, the legal document is the “Regulations for Small Dams” however, for 

dams with less than 8 m of height the Authorities may accept that compliance with some of the 

dispositions of the Regulations may be overruled, [43]. 

 

The following graph summarizes the Portuguese Dam Safety Legislation: 

 

 
 

Legend: 

RSB - Dam safety Regulations; 

RPB - Regulations for Small Dams; 

NPB - CP for Design; 

NCB - CP for Construction; 

NOIB - CP for Monitoring and Surveillance; 

NEB - CP for Operation (has not yet been 

published).

 

Fig.  3.2- Sketch of Portuguese Dam Safety Legislation; [adapted of 43] 
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3.2.2. AUSTRIA 

The Austrian legal authorities enforcing the Water law are divided in three levels or stages and are 

[43]:  

 Supreme Water Authority (Federal Minister of Agriculture and Forestry): 

 For dams h > 30 m (h: height above foundation level) or V > 500,000 m
3
 (V: 

reservoir volume); 

 For river barrages on the River Danube; 

 For measures affecting severely the water affairs of foreign countries. 

 Provincial Governor for most of the other dams; 

 District Authority for structures of minor importance. 

 

The Austrian Commission on Dams has the main goal of supporting the work of the Federal Dam 

Supervisory Section, and gives expert judgement about dam projects, especially concerning safety. 

This commission has a board formed by renowned experts of all disciplines involved in dam 

engineering. 

The Federal Dam Supervisory Section is part of the Federal Ministry of Agriculture and Forestry in 

cooperation with the Water Authority. The responsibilities of this office are to analyse the owner's 

annual safety reports and to carry out inspections on site, for the case of dams with h > 15 m or V > 

500,000 m
3
.  

The Dam Supervisory Officers are entities appointed by the Provincial Governors, to carry out 

checks periodically. They function as “auditors” of the system. 

At the end the Owners have the first responsibility for the dam safety. They take care and are 

responsible for the monitoring, maintenance and provision for emergency measures. 

 

The first regulation/law in Austria about dams was the “Federal Water Law” and dates from 1959, and 

was revised in 1990. All type of dams or river barrages operating water are subject to this law. On the 

other hand, the Austrian entities also have some guidelines related with dams, and are namely [43]: 

 Stability assessment for embankment dams; 

 Stability assessment for dams under seismic loads; 

 Design of spillways; 

 Resolutions of the commission on dams: 

 Requirements for the dam safety engineer; 

 Education of personnel, dam safety courses; 

 Supervision on minor dams. 

 

Generally, the main difference is that in the most part of European countries, such as United Kingdom, 

Norway, Sweden, Finland, Austria and German the documents related with safety dams have a 

structure of “recommendations” or “guidelines”. On the contrary, in countries as Portugal and Spain, 

the legislation is of mandatory application.  
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3.3. AUTHORIZATION PROCEDURE 

3.3.1. PORTUGAL 

The process of a new project of a large dam in Portugal starts with the public announcement of a 

concession. After this, national and international companies can apply and the winner, future owner, 

needs to pay the also part of the concession agreement (in cash).  

During the project design, the safety Authority should approve all projects from the safety point of 

view and if they follow and meet the requirements of regulations.  

The dam project design or descriptive memory for APA, and LNEC in the case of Dam Class I, should 

include the followings studies and solutions [45]: 

 General description of the construction, equipment’s and materials and the justification of the 

technical solutions; 

 Thermic, hydrological, geological, seismological, geotechnical studies of the construction site, 

as well the reservoir area; 

 Design of the dam, foundations, spillways, bottom outlets, etc; 

 Energy and water mesh project; 

 Road project for the dam (accesses and top of the dam); 

 Others. 

In the construction phase, the safety Authority, and with LNEC if it is a dam of Class I, should make 

inspections to verify if everything agrees with the dam project. After the construction, the entities 

should also approve the first filling plan and the emergency plan.  

The step of operation should be accompanied with several inspections by safety Authorities, as well as 

the formal approval of any kind of change, enlargement, repair, abandonment or demolition project.  

 

The Portuguese National Authority for Civil Defence (ANPC) classify as Class I, the dams that have 

downstream residents in number equal or higher than 25, [46]. 

 
 

3.3.2. AUSTRIA 

The authorization procedure for the Austrian case involves the project, construction, impounding and 

operation stage. The approval procedures are the following: 

 Water Rights Hearing including all parties involved; examination of the project is carried out 

by experts; 

 For the case of large dams with h > 15 m or V > 500,000 m
3
, or also if the project contains 

special foundations, loads or stresses or in cases of unusual design or construction technique, 

an audit by of the Commission on Dams is mandatory; 

 Decree of approval, stating the special conditions which will have to be kept during the 
construction and operation of the dam.  
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As already mentioned, very few technical rules were written, and this means that for design and 

operation they should follow the current state of the art and current engineering practice.  Some 

authors consider “The task of safety assessment mainly lies with people having an excellent 

professional knowledge and profound experience – expert principle”, [43]. 

The following table summarizes the Austrian authorization procedure, as well as the needed 

permissions. 

 

 

Fig.  3.33– Authorization procedure, based in design documents, reports and permission; [adapted of 47] 

 
 

3.4. INSPECTIONS AND MAINTENANCE  

3.4.1. PORTUGAL 

The subject of “inspections and maintenance” is a very important question, because a good and correct 

maintenance and a rigorous and regular inspections contribute to a reduction of dam’s failure or 

incident probabilities.  

It is an obligation of the owner to maintain the dam in proper and safe conditions, according with the 

Regulations and Codes of Practice. The control of the correct application of Regulations and Codes of 

Practice is made by the authorities and the control must be done periodically, and whenever it seems 

appropriate, making inspections with the owner’s presence.   

The inspection visits are made during the dam construction by the safety authority, namely concerning 

the control of structural safety. A rigorous monitoring, behaviour analysis and assessment of the dam 

safety are different competences controlled by the dam specialists that integrate the safety authorities. 

The phase of first filling is accompanied of previous inspections, followed by the approval of a first 

filling programme with a continuous surveillance of the monitoring plan. After the first filling is 

complete, a dam inspection is carried out by the Authorities.  

During operation lifetime, the Owner must ensure compliance with the Codes of Practice. The control 

of operation safety should use the model above mentioned. The control is related with operation of 

equipment, maintenance procedures and conservation procedures. 
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The law also forces the owner to keep permanently up-to-date and at the disposal of the Authorities, a 

technical archive with the pertinent data related to the dam, including namely [43]:  

 Dam project;  

 Specific safety rules for the dam;  

 Data and reports on monitoring and inspections carried out after the end of the construction 

phase;  

 Data relating to the repairs, complementary works and modifications done after construction;  

 Data relating to warning systems and to emergency plans.  

 

In the case of dam repairs or rehabilitation, the owner should ask to the Dam Authority a new project 

approval. The rehabilitation or the repair works on dams can be proposed by the dam owner or 

imposed by the Dam Authority to restore or to improve the safety conditions due to the deterioration 

process or the safety reassessment of each specific dam.  

 
 

3.4.2. AUSTRIA 

The Austrian rules about inspection and maintenance are similar with Portuguese rules. The Water 

Authority supervises the dam construction as well the need to examine and accept the impounding 

programme before the first filling. According with each dam type and complexity, the authority can 

force a filling in stages or with a special monitoring programme.  

The monitoring and surveillance dam plan needs to include several rules for the final decree of 

acceptance. This final decree of acceptance is obtained if, after some years of operation with enough 

data, a high probability of correct and safe dam behaviour is expected. After impoundment/draw down 

cycles, the Water Authority makes a final examination from which a “normal operation” decision is 

made and the final decree of acceptance, [48].  

 

Monitoring and surveillance Austrian dam programmes comprises: 

 Periodical visual inspections, carried out by attendants; 

 Periodical measurements/data acquisition on site, carried out by attendants;  

 Automatic acquisition, tele transmission and processing of significant behaviour data 

(generating data alarms, if data exceeds allowable reach); 

 Periodical calibration and tests of automatic monitoring systems (alarm tests); 

 Periodical tests of appurtenant devices (operational equipment like spillway and outlet gates) - 

at least once a year; 

 Overall inspection of dam and reservoir by the Dam Safety Engineer (in many cases supported 

by a geologist), at least once a year;  

 Drawdown of reservoir at ten years intervals is a good practice at most of the plants defined 

by the operation rules which have been approved by the Water Authority.  
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Fig.  3.4– Summarize sketch of Austrian dam surveillance; [adapted of 47] 

 
 

The Austrian rules for inspection and surveillance contain two main principles [43]: 

 The Principle of Experts: safety assessment is mainly based on expert knowledge and “sound 

engineering judgement”; 

 The Multi-level Principle: technical knowledge, detailed knowledge of the plant, problem 

awareness and ability to take decisions are indispensable on the level of the dam owner; 

Supervision by experts, independent from the owner, is to prevent “operational blindness” 

and to gain results as objective as possible. 

 

 
 

Fig.  3.5– Sketch of Multi-level Principle; [adapted of 47] 

 
 

 

 
 

In what concerns dam repair measures, the actions are also similar with the Portuguese rules. The 

owner has the possibility to make them, if the work repairs respect the following steps: 
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 Compile with the decrees of the authority; 

 Can be considered safe; 

 Are in accordance with the state of the art.  

The owner must have an updated file for reference source of Authorities that must be composed by all 

relevant dam information such as: design drawings; geology; behaviour data documentation of 

maintenance and repair works; and the decrees of the Authority. The common name of this data file is 

“Talsperrenbuch-Dam Documentation”. 
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4 
STATISTICS ABOUT INCIDENTS  

 

 

4.1. INTRODUCTION 

During this chapter several types of incidents that can cause the failure of a dam are presented. The 

different incidents are related with the different types of dams that were exposed in chapter 2.  The 

presentation is accompanied with some statistical data about the more common type of accidents and 

with several graphics and tables where it has been possible to compare some data of European and not 

European countries.  

To finish the approach of this chapter, some historic cases from all over the world are presented they 

represent the more relevant cases that can be used to consolidate the explanations of the several types 

of incidents.  

 

It is important that from the beginning the term “failure” is detailed defined. According with ICOLD, 

this term means a “collapse or movement of part of a dam or its foundation, so that the dam cannot 

retain water. In general, a failure results in the release of large quantities of water, imposing risks on 

the people and/or property downstream. (ICOLD 1995)”. During a dam construction if any incident 

happens it is also considered as failure, a situation where large amounts of water are involuntarily 

released downstream, [2]. 

 

4.2. STATISTICAL DATA 

To understand the statistical data about the more common types of accidents related with the several 

types of dams, it is necessary first to have an idea about the percentage of dams per category, as it is 

possible to see in the follow chart. 
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Fig.  4.1- Numbers of dam types in the world and Europe; [50] 

 

In these charts, it is possible to see that earth dams, with 64 per cent, are the most used type of dams 

around the world, followed by rockfill dams and finally by gravity dams. The embankments dams 

represent together 87 per cent of all dams and concrete dams only represent approximately 18 per cent. 

The statistical data about large dams in European countries is similar but with a bigger percentage of 

concrete dams, mainly gravity and arch dams and less earth dams. 

 

 

 
 

Fig.  4.2- Numbers of dams in the world; [2] 

 

During the last century, a rapid increase in large dams building happened. The registers of the year 

1950 show that about 5 000 large dams had been constructed around the world, at that time. In the end 

of the 20
th
 century, the number of large dams increased for approximately 45 000 dams. The data of 

ICOLD show that, during the 1970s European, North America countries and also in China the 

construction peaked substantiality.  

Nowadays the countries with more large dams built are China with 23 842 dams, followed by USA (9 

265), India (5 102), Japan (3 108), Brazil (1392) and the first European country only appears in ninth 

place with 1 082 dams, which is Spain. 
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Fig.  4.3- Numbers of dams of the 15 European countries with large dams; [49] 

 

Figure 4.3 shows how many dams were built in several countries of Europe and it is possible to see 

that, according with these data of ICOLD, Portugal appears in tenth place with 217 large dams and 

Austria appears in thirteenth place, with 171 large dams, with less 46 dams than Portugal. Nowadays it 

is interesting to understand that Turkey is now building a lot of new dams, and it is expected to 

overtake Spain, thanks to a territory still largely exploitable.  

Ideally, every dam should be properly planned, designed, constructed and maintained, but in several 

cases this does not happen, which leads to the occurrence of dam failures. Today, the world society 

requires to know the risk imposed by these structures, due to the catastrophic impacts that a dam 

failure leads in the fields of social, economic and environmental aspects. With this reasons, a number 

of studies has been devoted, in the last decades, to investigate and try to understand the dam failures, 

in order to improve the design, construction and maintenance of the dams, [52]. 

The characterization of the failure modes and causes for type/characteristics of dams has been done. 

Statistical methods are then processed in order to analyse this topic and to find solutions that can 

decrease the number of accidents. Many researches as (Howard, 1982), (Blind, 1983), (Silveira, 1984), 

(Von Thun, 1985), (Ingles, 1988), (Foster, 2000), and also a large number of important reports made 

by ICOLD which have reached a summit with the final publication of “Bulletin 99 - Dam failures - 

statistical analysis”, in 1995, has lead to a better knowledge about this important theme, [51], [2]. 

 

The following graphics and explanations try to show some statistical analysis, according with ICOLD 

data research. This data refers that are reliable statistical analysis must be based on the world, 

excluding data from China.  
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 [TE – earthfill; ER – rockfill; PG – concrete gravity; CB – concrete buttress; VA – concrete arch; MV –multi-arch;] 

Fig.  4.34- Numbers of failures by type and height of dams; [51] 

 

In the figure 4.4, it is easy to understand that the number of failures in embankment dams is much 

bigger than in the other types of dams. The following graphic shows the percentage of failed dams by 

type, and 80 per cent (without China) of all dams that failed in the world were embankment dams, and 

the second most failed type is the gravity dams, with a percentage of 16 per cent (see figure 4.5). 

 

 

Fig.  4.5- Percentage of failed dams by type; [51] 

 

Other important aspect that should be analysed is the age of dams and when, in dams life, it is more 

probable that an incident occurs (see figure 4.6 and 4.7).  
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Fig.  4.6 - Failures by age of failed dams; [51] 

 

 

Fig.  4.7- Failures by age of failed dams (less than 10 years old); [51] 

 

In general and with the development of the new technologies and also into the new rules that appeared 

related with safety construction, the percentage of failures of large dams is decreasing during the last 

five decades. Analysing the dams that were built before 1995, around 2,2 per cent of all dams failed, 

and it is possible to say that, of all dams built after 1951, only approximately 0,5 per cent failed. 

However, this 0,5 per cent is not the ideal number, that should be zero because, when a dam fails, this 

leads to large social, economic and environmental losses.  

In the majority of all cases, the failure occurs during the first ten years, approximately 70 per cent, and 

it is followed by accidents in the second decade or accidents during construction. The failures during 

construction can cause long delays in the dam construction and are always related with costs incising, 

but normally haven t́ consequences for public safety.  

The predominance of dam failure during the first ten years is the first year, which means that normally 

it occurs during the first filling of the reservoir, [51], [2]. 

 

The following scheme summarizes the main different causes that can lead to a dam failure, and they 

can be subdivided into two big categories, the natural and accidental failures, and the deliberate 

failures made by the man (see figure 4.8). 
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Fig.  4.8- Scheme with dam failures causes; [2] 

 

4.2.1. STATISTICAL DATA - EMBANKMENT DAMS 

During the past years, the several accidents with embankment dams have been studied, and in 1995 a 

report by ICOLD published the most common reasons that can cause a dam failure. The follow 

graphic summarizes this statistical data see figure 4.9). 

 

 
 

Fig.  4.9- Causes of failure in embankment dams; [51] 
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The three big problems for embankment are the overtopping, the internal erosion of the body and 

leaking movements of the foundation. In 49 per cent of all cases, the overtopping of a dam led to the 

failure, and in 28 per cent it was related with internal body erosion, and 17 per cent with internal 

erosion of the foundation. So it is important to understand well how this type of problems happens, so 

that the engineers can find better future solutions that can avoid a dam failure or accident.  

Other failure statistics of embankment dams were published by Foster et al. with ICOLD data in base, 

and also with several accidents that required big repairs, considering only dams built until1986. This 

study was demonstrated that of all dam failures approximately 35,9 per cent are related to overtopping, 

followed by 46,1 per cent related with piping (30,5 per cent for body erosion and 14,8 per cent with 

foundation erosion). The study also shows that 5,5 per cent is associated with slides, 4,7 per cent of 

this slides occurred on downstream and only 0,8 per cent on the upstream side. The problem of 

earthquake-liquefaction has a percentage of 1,6 per cent in dams problems and lastly it is attributed a 

value of 12,5 per cent to appurtenant works, mainly spillway-gate problems (figure 4.10), [2], [53]. 

 

 

 

Fig.  4.10 - Failure statistics of embankment dams by Foster et al.; [53] 

 

4.2.1.1. Overtopping 

Dam overtopping is an incident that can happen in two different ways, caused by continuous flow as 

the water surface elevation exceeds the profile of the dam structure or, on the other hand, due to the 

waves caused by a slope or other event, and in this way the water surface stays below the structure 

elevation profile.  

This failure mode, overtopping, generally is caused by:  

 Inadequate spillway design; 

 Debris blockage of spillways; 

 Settlement of the dam crest; 

 Improper manipulation of spillways: 

 Landslide in the reservoir; 

 Design discharge exceeded;  

 Incorrect hydrological methods to estimate extreme floods. 
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In the most of history cases, the main reason of dam failures was related with floods, but it is 

important to say that some dams have been overtopped by a few inches or some centimetres without 

breaching, but other structures have failed quickly. 

In this arguments, it is extremely necessary to do a previous and strict study about the flood frequency 

to reduce the risk of a dam failure by overtopping. The embankment materials, the depth and the 

duration of overtopping are the most important parameters to determine the probability of a dam 

failure, [56], [57], [58]. 

 

 

Fig.  4.11 - Dam overtopping failure progression for embankment dams; [56] 

 

When the downstream slope of an embankment dam has highly plastic materials the erosion resistance 

is bigger, and the probability of failure by this reason is lower.   

 

4.2.1.2. Piping 

The effect of piping can be divided into two categories, piping in the embankment dam body or in the 

dam foundation. Generally, the piping event happens when the migration of soil particles occurs in the 

direction to the free exits or into coarse openings.  

Piping is a problem of internal erosion, and is normally caused by seepage that occurs around 

hydraulic structures, like pipes or spillways, but can be also caused by animal burrows or roots of 

woody vegetation, or just through the cracks in dams.  
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Summarizing, piping is a problem of internal erosion of soils due to the water seepage. It is important 

to understand that seepage is a normal phenomenon that occurs in the dams, and the problem with this 

is when the seepage is concentrated or uncontrolled, what can lead to a failure of the dam.  

The piping through the dam body is more often than through the dam foundation, and generally starts 

in poor soils and in small channels that are formed, and which transport material downstream. In the 

course of time the channels become bigger and more material is transported, [59], [61]. 

 

 
 

Fig.  4.12– Piping through body dam; [60] 

 

 

Fig.  4.13– Failure by piping, Tunbridge dam, Tasmania, Australia; [60] 

 

On the other hand, piping through foundation is a similar process to the described above. When a dam 

foundation has materials highly permeable, cavities, fissures or some layers of gravel or coarse sand 

occur and the probability of seepage increase. The progressive removal of soil particles lead to the 

development of internal erosion, which is easily understand because normally a hole discharging water 

appears downstream. 
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Fig.  4.14– Piping through foundation; [60] 

 

Concluding, the several Terzaghi’s studies related with internal erosion and progressively the 

definition of filter rules and filter criteria did decrease approximately in ten times the failure of 

embankment dams due to piping. These results were accompanied with good developments in the field 

of the earth-moving materials, such as compaction materials.  

 
 

4.2.2. STATISTICAL DATA - CONCRETE DAMS 

The main causes of failure in concrete dams, according with “Bulletin 99” ICOLD (1995), are 

described in the following graphic (figure 4.15).  

 

 

Fig.  4.15- Main causes of failure of concrete dams; [53] 
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The several statistical data of concrete dam about the aspects and events that can lead to a dam failure 

can be classified into different categories as suggested by the authors of the book “Dam-break: 

Problems, Solutions and Case Studies” [2]. 

Failures in concrete dams can be due to: 

 Inadequate design; 

 Foundation: 

 Inadequacy of site investigations; 

 Deformation and lad subsidence; 

 Shear strength; 

 Percolation; 

 Internal erosion; 

 Tensile stresses at the upstream toe; 

 Leak of drainage system; 

 Concrete permeability; 

 Unforeseen actions or action of exceptional magnitude: 

 Uplift; 

 Overtopping of abutment; 

 Overtopping of main section; 

 Structural behaviour of gravity and buttress dams: 

 Onset of tensile stresses. 

 

In the field of concrete dams, the foundation problems are the most common cause of failure. 

However, the internal erosion and insufficient shear strength of the foundation are also related and 

associated with that situation. 

 

4.3. HISTORICAL CASES OF DAM FAILURES 

4.3.1. BANQIAO RESERVOIR DAM 

The Banqiao Reservoir Dam was a dam on the River Ru in Zhumadian city, in Henan region, China. 

The dam was built in the first years of the 1950s decade, integrated in a program aimed to control the 

Huang He River, or normally called as Yellow River, and also for electricity production.  

The Banqiao Dam was made of clay, has a height of 118 meters above the sea level and 24,5 meters 

high. The dam was designed to a storage capacity of 492 million cubic meters and to withstand a 

maximum discharge of 1742 m
3
/s. These calculations took in consideration a 1000 year flood, which 

means a flood level expected once every millennium.  

In all history of dam failures, the Banqiao dam was the accident that caused more casualties. The 

failure of this dam killed approximately 171 000 people, and other 11 million people lost their homes. 
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The breakdown of this dam lead to the breakdown of several other dams and reservoirs and in terms of 

energy production to a loss of 18 GW of power, suddenly.  

The disaster happened in 1975, during the night of the 8
th
 of August, due to one of the worst storms 

ever recorded in the region. With the quickly rising of the Ru River and with the strong rains, around 

1.00 am, the dam started to collapse, creating a rush of water up to 10 meters high in some areas, and 

with a water velocity estimated of 50 km/h. The first town downstream of the dam, Daowencheng, 

was immediately inundated, taking the life of its all 9 600 citizens. 

However, after this event, the Chinese leaders decreed measures to create several programs of dam’s 

examinations. The hydrologist Chen Xing, gave an important help for the rebuild of the devastated 

area, [62], [63], [64]. 

 

Fig.  4.16– Picture of Banqiao Reservoir Dam; [56] 

 
 

4.3.2. GLENO DAM 

The Gleno Dam was a dam on the Gleno River in the Alps of northeast region of Bergamo, Italy, more 

specifically in the Valle di Scalve. The cause of failure of this dam was attributed to poor quality 

workmanship. This dam was constructed between 1916 and 1923 with the purpose of producing 

energy. The failure happened in the same year of the dam conclusion, 40 days after the first filling 

during a period of heavy rainfall, in  December of 1923. 

In the first project of Gleno Dam, the design was a curvilinear gravity dam made in masonry, but after 

the beginning of a stone masonry basement dam the project was replaced. The new design project was 

a slender reinforced concrete structure in multiple-arch, with the central curved section resting over 

the masonry basement. The dam was 46 meters high, and had 25 arches and a reservoir with a 

maximum capacity of about 5x10
6
 m

3
. The project was changed from a masonry gravity dam to a 

multiple arch dam by the owner with the main goal of saving money. Some records of September of 

1920, written by local officials, say that contractors were not using proper cement mortar. The 

contractors used a concrete with poor quality and reinforced with anti-grenade scrap netting that had 

been used during the First World War. The reports, written after the accident, also say that the 

concrete was not completely cured when the reservoir was filling.  

With all this disadvantages, in December of 1923, this dam failure was responsible for at least 356 

deaths, for the destruction of three villages, five power stations and also a huge devastation of natural 

environments, downstream of the dam.  

Concluding, this disaster lead to the development of Italian dam design and risk assessment, and after 

the event, the construction of new multiple arch dams has become disfavoured, [66], [67], [68]. 
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Fig.  4.17– Gleno Dam (upstream side), 2006 - (by Ethan Kahn); [65] 

 

 

Fig.  4.18– Gleno Dam (downstream side), 2006 - (by Ethan Kahn); [65] 

 
 

4.3.3. MALPASSET DAM 

The case of the failure of Malpasset Dam is one of the most known in this topic. The Malpasset Dam 

was located in Fréjus, southern France, and was constructed between 1952 and 1954 with primary 

purposes as irrigation and water supply. The dam was a double-curvature concrete arch, with a height 

of 66,5 meters, and a crest length of 222,7 meters. The dam collapse in December of 1959, five years 

after the construction, when the first filling was nearly complete, caused the loss of 423 lives and a 

damage amounted in more than 60 million of euros. The failure was caused by problems in the 

foundations.  
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At the end of construction, this dam had the record of the thinnest arch dam with a maximum 

thickness of 6,78 meters at the bottom and 1,5 meters at the top. In the centre of the crest, it had one 

un-gated spillway and in the left abutment (from upstream perspective) a dihedral thrust block was 

built below the dam to raise it to the necessary height.  

Several geological studies were made after the disaster that discovered that the dam was built on a 

gneiss formation with a foliation structure with a slope between 30 a 50 degrees and also a fault 

oriented perpendicular to the river, downstream of the dam. These two reasons and also the forces 

associated to the water accumulating behind the dam caused the compressive state of the gneiss which 

lead to the decrease of the permeability. With this the uplift pressure at the abutment caused the 

dislocation of the thrust block and, progressively, the dam failure, [2], [69]. 

 

 
 

Fig.  4.19– Failure of the Malpasset Dam - (by Irstea); 

 
 

4.3.4. VAJONT DAM 

The Vajont Dam is a dam located in a deep and narrow gorge in the Vajont Valley, 100 km north of 

Venice, Italy. This dam still has the record of the tallest concrete arch dam in Europe, with 262 meters 

of height. This dam was constructed in 1959 and the disaster caused around 2500 lives.  

At the time of the first filling of the reservoir, October of 1963, a large earth mass of approximately 

270 million cubic meters slide into the reservoir of the Vajont Dam, causing a wave that overtopped 

the dam and swept it onto the valley below, destroying everything. However the dam remained 

unbroken till today, (see figure 4.20). 
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Legend by Steven Ward and Simon Day: “Landslide simulation at T=0:00, 0:31 and 2:03. The three 

map view panels at the left contour landslide thickness and corresponding colour bar at bottom. The 

panels to the right show south to north landslide cross sections along west, central and cast 

transects.” [70] 

Fig.  4.20– Landslide simulation - (by Steven Ward and Simon Day); [70] 

 

   
 

Fig.  4.21– The town of Longarone, Italy, before and after the landslide, 1963 - (by Vajont Survivor's Committee); 

 
 

4.3.5. TOUS DAM  

The Tous Dam was located in the Júcar River, in the eastern coast of Spain. The dam was built in the 

1970s with the main purpose of flood control, and the design project was a mix between a central part 

as rockfill dam with a clay core and with abutments made of concrete, due to the special 

characteristics of the foundation. 

In October of 1982, due to a strong storm with an exceptional rainfall of 500 mm, (previous records 

were around 100 mm), the dam collapsed. This was because the spillway was designed for a maximum 

flow of 6 968m
3
/s, which correspond to a 500 years return period.  
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The failure was caused by the intensity of the storm, and specially due to a fail in energy supply, 

making impossible the opening of the spillway gates. The dam was overtopped and how was explained 

before in point 4.2.1.1 the erosion of the downstream slope occurred very fast and lead to the complete 

failure. A big flow wave destroyed the downstream area leaving more than 200 000 people without 

house and approximately 330 million euros of losses. However the evacuation plan was a success 

having achieved to evacuate around 100 000 people in a short period of time. 

In the same place, a new Tous Dam was constructed but without spillway gates, with a maximum 

capacity flood of 20 000 m
3
/s, with 110 meters high (80 meters higher than the old dam) and with a 

reservoir capacity 4,7 times bigger (figure 4.23), [2], [71]. 

 

 
 

Fig.  4.22– The Tous Dam after failure (downstream side); [71] 

 

 

Fig.  4.23– The new Tous Dam (downstream side); [71] 
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4.3.6. TETON DAM 

Teton dam was a zoned earthfill enbankment dam located in the State of Idaho, in the north-weste of 

United States. The dam was built between 1974 and 1976, with 123 meters high, a crest length of 945 

meters and a reservoir capacity of 355 hm
3
. The purposes of the construction were flood control and 

hydropower.  

During the first filling of the reservoir, less than one year after the construction, the dam collapsed by 

internal erosion in the dam body. This event resulted in the death of 11 people, around 13 000 cattle 

and total damage estimates around 2 billion euros. 

In June of 1976, two small spring were observed at the downstream toe of the dam and, two days later, 

a clear seepage was observed near the right abutment. The investigations, realized after the failure, 

attributed the causes to a series of design and construction deficiencies. More specifically, the primary 

cause was due to the development of rapid piping in right abutment with no defence or filter which 

was caused by the following 5 factors: large open joints and fissures next to key trench; core material 

highly prone to erosion and piping; non-standard key trench in abutment; no soil filter in abutment key 

trenches; grout curtain inconsistent, [72], [73], [74]. 

 

 
 

Fig.  4.24– Teton Dam during the failure (by U.S. Bureau of Reclamation); 

 

 
 

Fig.  4.5– Aspect of Teton Dam today (by U.S. Bureau of Reclamation); 
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4.4. DAM ACCIDENTS IN AUSTRIA 

According with available data, records of any large dam failure in Austria do not exist. However, 

some accidents already occurred, and three of them are summarized below. 

 

4.4.1. DOBRA DAM  

This dam is a concrete arch dam with 52 meters high. The construction was completed in 1952 and in 

1954 a part of the rock mass was loosened on the left bank, 50 meters downstream from the dam 

foundation. This slide event occurred because the needed water compensation through the outlet 

tunnel, due to a problem in a power station did not function, causing the saturation of the slope. Some 

repair measures were made and the problem was resolved.   

 

4.4.2. GERLOS DAM  

The Gerlos dam is a concrete arch dam with 39 meters high. The dam was finished in 1945 and in 

1963 and 1964 three rock falls occurred in the left wall of the gorge, downstream from the dam. These 

events happened by the combination of three different agents: the speeding up of the natural processes 

of disintegration as a consequence of dam construction; scour at the toe of the left gorge wall; 

inadequate grouting of the left abutment, leading to increased water pressure in the joints. [75] 

After this, the storage level was lowered, and some repair measures were done.  

 

4.4.3. GEPATSCH DAM  

The Gepatsch dam is a rockfill dam with a central earth core, built between 1961 and 1964, with 153 

meters high. 

Some movements were observed on the western slope, during the initial filling of the reservoir in 

1964. The described movements were located over a length of 1 000 meters and with an elevation of 

350 meters above the valley floor. The reasons that caused this dislocations are related with uplift 

effects, which lead to the decrease of stabilizing forces on the toe of the slope. The repair measures 

were mainly the regulation and rigorous control of the reservoir level, [75]. 

 
 

4.5. DAM FAILURES IN PORTUGAL 

In Portugal the only dam failure that is recorded until today was the dam of Hospitais, located in 

Évora, Portugal. This dam had 12 meters high and a maximum storage capacity of 268 000 m
3
, which 

means that it is not considered a large dam. The main purpose of the dam was irrigation and the causes 

of failure were constructions errors and inadequate materials used. The dam failed during the first 

filling in 1996, and with zero deaths, only material damages, [76]. 
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Fig.  4.26– Hospitais Dam after failure; [75] 
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5 
FAILURE DUE TO PIPING AND 

OVERTOPPING   

 

 

5.1. INTRODUCTION 

In this chapter the two main problems that can lead to a dam failure, according to the statistical data 

presented in the previous chapter, are shown in detail. The first part is dedicated to piping events and 

in the second part a summary of overtopping problems is presented.  

Piping and overtopping are both related with embankment dams and during this chapter the most 

important characteristics are analysed to study the influence in the behaviour and safety of the 

structure that they may have. 

First of all, it is necessary to explain the concept of piping, suffusion and internal erosion. After the 

analysis concepts, the existence or not of piping is directly related with the permeability of soils and 

several factors that influence this parameter. One of the most important components of an 

embankment dam is the filter and its composition, as well as the main question that relates to 

laboratory tests used to determine the probability of piping occurrence. 

The SEEP/W software was used to model the hydraulic behaviour of a profile of an embankment dam, 

to understand how this behaviour is influenced by the characteristics of the materials that compromise 

the structure and those simulations are presented at the end of this chapter. 

The overtopping questions were treated through numerical simulations, using the method of finite 

elements. The main objectives of this study relate to the idea of reproducing numerically a dam break 

and the consequent external erosion and the flood wave propagation in the downstream area of the 

dam.  

The freeboard design was also analysed, mainly in which concern the aspects related with the 

settlements, deformations and the reservoir waves, to decrease the probability of any kind of 

overtopping events. 
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5.2. PIPING 

5.2.1. CONCEPT OF INTERNAL EROSION, SUFFUSION AND PIPING 

Many expressions are used to talk about internal erosion, and several authors considered that piping 

and internal erosion are the same thing. However, it is not correct to admit this, because piping is just a 

form of internal erosion. Generally, internal erosion occurs when some particles of the body or 

foundation of an embankment dam are transported to downstream by seepage flow, and this erosion 

can be suffusion or piping. [77] 

Suffusion is one way of internal erosion, and occurs when fine particles are eroded from large particles 

matrix. The fine particles that are removed by the seepage flow leave an empty skeleton of large 

particles. This event starts upstream by water action and grows up to downstream opening channels 

where the permeability is bigger. These channels become higher, formatting a main channel which 

causes the emergence of water at the downstream side. 

On the other hand, piping is an event that occurs by regressive erosion, which means that the 

advancement is in the opposite direction of flow, creating concentrated failures in the massive parts of 

the dam. This failures occur, due to internal migration of fine grains, by the percolation flow through 

instable soils, leading to a pipe formation (origin of the name piping). The fine particles of silt and 

clay, change from downstream to upstream in the compacted soil massive, [78]; [79]. 

The piping is visible when the flow emerges in the massive surface, where the particles movement can 

be observed like an effervescence. 

Normally, the piping can be subdivided into four different stages and also in three different shapes. 

These three different ways, were described in the previous chapter and they are represented in the 

following figure 5.1.  

 
1 - Piping in the embankment initiated by concentrated leak;  

 
2 - Piping in the foundation initiated by backward erosion;  

 
3 - Piping from embankment to foundation initiated by backward erosion;  

Initiation                          Continuation                     Progression                     Breach/Failure 

Fig.  5.1- Development of a process of piping in an embankment dam; [80] 
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The duration of piping events is an important question, because these events represent normally a very 

quick process, that can take between 2 to 12 hours approximately. 

 

5.2.2. FAILURES AND INCIDENTS - PIPING 

The analyses of past cases have been a useful lesson for owners, designers and builders, and with this 

the last 50 years, the number of dam failures has been considerably reduced due mainly to the 

advancement of technology but also due to the lessons learned by the rigorous analysis of incidents 

and failures. The following cases were chosen for their representative characteristics.  

 

The Fontenelle Dam in Wyoming, USA, failed in 1965, one year after the construction (figure 5.2). 

The cause of failure which can be assigned to this case was erosion of embankment materials into 

unprotected fracturing in the foundation, like Teton Dam, described in the chapter 4.  

Some relief joints in the foundation cut-off excavation were found unprotected what consequently 

allowed the erosion of embankment soils into the open fractures by the water under pressure from the 

reservoir. A non-existence of filter protection between the embankment cut-off and the fractured 

foundation allowed seepage erosion and piping to occur downstream of the grout curtain cap. [82]

 

Fig.  5.2- Aerial view of the Fontenelle - Dam collapsed embankment visible adjacent to the spillway chute 
(Michael J. Gobla, 2013 AEG Shlemon Specialty Conference); [81] 

 

The next images are from Anita´s Dam, Montana, USA in 1997. The report after the failure said that 

the embankment material had been completely eroded from around the outside of the conduit. The 

open tunnels visible in the images around the outlet conduit are from the upstream embankment toe till 

the downstream toe. The dispersive clay of the embankment materials, the hydraulic fracture and the 

lack of a filter and drain around the outlet conduit in the downstream part were the main causes of the 

failure.  
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Fig.  5.3- View from downstream of the embankment erosion around the spillway conduit during and after the 
incident in 1997, respectively; [81] 

 

One of the most famous cases of failure by piping is the Baldwin Hills Dam, California, USA in 1963. 

The structure failed due to subsurface leakage of reservoir water under the foundation of the dam and 

below the floor of the impoundment. However, a cracked seal on the bottom of the reservoir and in 

line with the breach in the dam caused the subsurface leakage.  

 

          

Fig.  5.4- Aerial view from downstream and from inside of the Baldwin Hills Dam, following failure; [81] 

 

The following four pictures try to show several piping events around conduits in the embankment 

dams. These type of accidents are very common, which means that, during the project design, 

construction or inspection, some cares must be considered. Generally, a conduit represents a 

discontinuity through an embankment dam and its foundation. The conduits may have different forms 

in terms of use, such as outlet bottoms, primary spillways, secondary spillways or power conduits used 

for the generation of power.  
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The compaction process around the conduit must be different of the rest of the embankment dam, with 

different cares because a bad execution can easily lead to a cracking event or other consequences, as it 

is possible to observe with the statistical data presented in chapter 4, [83]. 

 

    

   

Fig.  5.5– Four examples of piping events around conduits in the embankment dams; [84] 

 

5.2.3. PERMEABILITY OF SOILS 

Permeability is the capacity of a specific soil, with normal conditions, to allow the passage of water or 

of another fluid through pore spaces. Of all physics or mechanics parameters, related to civil 

engineering constructions, the permeability coefficient of soils is however the one that has a long scale 

of values, approximately eight or nine different levels, for normal soils. Generally, all soils are more or 

less permeable, according to the distribution and the empty volume, grain size curve parameters, and 

others, [85], [86]. 

 

Several experimental studies showed that the water flow through fine soils develops in a laminar 

regime, which means that the water particles move in a texture of parallel with each other’s. The water 

flow is expressed by Darcy´s law (see figure 5.6), according with the next equations, [87]: 
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𝑣 = 𝑘 × 𝑖                                                                        (5.1) 

 

𝑖 =
△ℎ

𝐿
=  

ℎ𝑖𝑛−ℎ𝑜𝑢𝑡

𝐿
                                                                 (5.2) 

 

𝑄 = −𝑘𝐴
△ℎ

𝐿
=  −𝑘𝐴 𝑑ℎ/𝑑𝑙                                                      (5.3) 

 

Where: 

v = seepage velocity; 

k = permeability coefficient; 

i = hydraulic gradient; 

A = column cross sectional area; 

Q = rate of water flow (volume per time). 

 

Fig.  5.6- Diagrammatic expression of Darcy's Law; [96] 

 

The several factors that may influence the permeability coefficient (k) of soils are, [89]: 

 Grain size; 

 Porosity; 

 Degree of saturation; 

 Structure; 

 Anisotropy; 

 Macro-structure; 

 Temperature; 

 Pore pressure. 

 

Permeability is commonly measured in terms of the rate of water flow through the soil in a given 

period of time. It is usually expressed as a coefficient of permeability “k” in metres per second (m/s). 

The following tables show the relation between the type of soil and the coefficient of permeability and 

its classification as permeable or impermeable soil.  
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Fig.  5.7 - Mechanism of piping formation; [adapted of 90] 

Table 5.1- Permeability coefficients of sedimentary soils; [85]; [89] 

Soil 

type 
Gravels 

Gross 

sand 

Medium 

sand 

Slim   

sand 

Silty 

sand 

Clayey 

sand 
Silts Clays 

k 

(m/s) 
>10

-2 
10

-2 
-10

-3
 10

-3
 -10

-4
 10

-4 
-10

-5
 10

-5 
-10

-6
 10

-7
 10

-6 
-10

-8
 10

-8 
-10

-10
 

 

The permeable soils or free drainage soils must have permeability higher than 10
-7 

and the others are 

considered impermeable soils. 

 

Table 5.2- Permeability classification of soils; [85] 

Soil Type Permeability k (m/s) 

Permeable soils 

High >10
-3

 

Medium 10
-3

 -10
-5

 

Low 10
-5 

-10
-7

 

Impermeable Soils 
Very low 10

-7 
-10

-9
 

Very low + / almost impermeable <10
-9

 

 

The internal erosion, and consequent piping, has more probability to occur in incoherent soils, fine 

sands, and uniform soils, being the last one the most problematic, because such uniformity facilitates 

the movement of the grains of soil.  

This following image tries to show what happens with soil particles when piping events occur.  

 

Before Flow                                                              After Flow 

 

 

Compacted Soil 

 

 

Interface 

 

 

Filter 
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5.2.4. FILTERS AND DRAINS IN EMBANKMENT DAMS 

The statistical data about embankment dam failures is clear about the number and probability of 

failures in dams with or without filters. The probability of occurrence of a failure in a dam, without 

filter, is higher than in a dam with a filter or drain. 

A construction of an embankment dam is associated to percolation studies, because the passage of 

water through the dam body is a reality, which means consequently a study of filter design. The main 

goal of using a protection filter is to avoid piping events, and with this to guarantee the stability of the 

structure. 

In cases of a almost homogeneous profile, it  is necessary to introduce some elements such as filters or 

drains to control the water flow in the dam body and, after this, it is possible to increase the slope 

inclination, depending of the safety factor required and of the mechanical properties of materials.   

As already analysed in the second chapter, the Terzaghi’s studies (1922) had a great development in 

the filter field. The first problem was to solve and create a filter protection capable to satisfy two 

opposite requirements: 

 The material must be enough permeable to permit the free flow of water without the filter 

grain structure alteration and the occurrence of an excessive pressure drop; 

 The material must be fine enough to avoid the soil particles migration through its pores. 

 

The logic behind the filter protection is that the filter prevents the movement of bigger dimension 

particles of base soil, and these ones prevent the movement of thin particles.  

After Terzaghi, other studies were developed by Bertram in 1940 that was oriented by Casagrande, 

Taylor in 1948 also analysed this question using spheres with equal diameter to establish the 

maximum dimension of filter particles without the problem of fine particles penetration through its 

pores. The study proved that considering three spheres with diameters 6,5 times bigger than the 

diameter of a smaller sphere on the centre of the “big three particles”, allows the little one to move 

through the central open of the bigger spheres, like shown in figure 5.8, [95]. 

 

 

Fig.  5.8- Scheme analysed by Taylor (1948); [91] 

 

In modified homogeneous embankment dams the drainage system is absolutely important, to decrease 

the probability of dam failure. The most usual flow control systems of drainage or filtering are showed 

in the three following images, and they are: 1 - Drain or chimney filter (vertical or inclined); 2 - 

Horizontal drain; 3 - Slope foot drain, see figure 5.9. 
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1 - Drain or chimney filter (vertical or inclined); 

 

2 - Horizontal drain; 

 

3 - Slope foot drain; 

 

Fig.  5.9- Most common profiles of drains in embankment dams; [92] 

 

These several drainage systems are important to increase the safety factor of the dam, mainly due to 

the possibility of construction defects, like deficient compaction, deficient connection between the 

layers, poor materials, etc, [92]. 

 

5.2.5. LABORATORY TESTS  

With the main goal of decreasing the probability of dam failures by piping, during the last decades 

several studies have been done to estimate the soils erodibility. In 2001 Briaud et al [93] developed a 

method able to determine the erosion rate of a soil sample by water action, varying the flow velocity in 

the sample inside of a tube. The name of the method is Erosion Function Apparatus (EFA). 

 

Fig.  5.10– Schematic diagram of the Erosion Function Apparatus (EFA); [93] 
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The Jet Erosion Test (JET), developed in the USA, is another test to classify the soils erodibility. This 

test can be done in situ or in a laboratory, and the main goal is to measure the soil wash time in a 

submerged vertical surface with a water jet. This method assumes that the erosion during the test is 

mainly due to the shear stress applied by the water jet. [79] 

 

 

Fig.  5.11– Jet Erosion Test performed in situ (picture from USDA-ARS); [79] 

 

The Hole Erosion Test (HET), is another method, developed in Lyon, France, but with the advantage 

of being a test that does not depend on an operator. This test consists of the penetration of a sample 

with a diameter pipe with 3 mm, and then a flow of water circulates through the conduit in a controlled 

way in order to start the erosion process, see figures 5.12 and 5.13.  

 

 

Fig.  5.12– The Hole Erosion Test device (picture from CEMAGREF); [79] 
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Fig.  5.13– Hole Erosion Test – Sample before and after test; [79] 

 

However these three methods are limited to cohesive soils, and they are not adequate to simulate 

conditions within a zoned embankment, where zones with non-cohesive materials are present. 

Considering the exposed, Richards and Reddy (2009), [94], developed an equipment for testing a 

larger variety of soils, under a large range of confining stresses, hydraulic gradients and pore 

pressures. The name of this test is Triaxial Piping Test Apparatus (TTPTA), and has the designation 

triaxial because the apparatus is capable of confining stresses along three mutually perpendicular axes. 

The test determines the critical hydraulic gradient and, more importantly, the critical hydraulic 

velocity at which piping is initiated in non-cohesive soils. TTPTA is capable of: 

 Evaluate how the angle of seepage affects the critical velocity for piping initiation; 

 Generate results with 10 % scatter in repeat tests; 

 Demonstrate that an important factor to consider about piping potential is the angle between 

the seepage flow direction and the direction of gravity; 

 Showing that the hydraulic gradient is a less reliable indicator than hydraulic velocity for non-

cohesive soils; 

 Simulating conditions within small to medium sized embankments, [94]. 

 

 

Fig.  5.14- Triaxial Piping Test Apparatus; [94] 
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5.2.6. ANALYSES OF SEEP/W 

The SEEP/W is a software developed by Geo-Slope International and is a finite element CAD 

software product to analyse groundwater seepage and pore-water pressure dissipation problems. The 

programme can be used within porous materials such as soil and rock. This software allows different 

kinds of analyses, like simple problems in saturated conditions and in steady-state or more complex 

situations, involving unsaturated materials in transitional regime.  

The programme allows to create the dam geometry, generate the finite elements mesh, add the 

boundaries conditions, to solve numerically the problem and in the end to analyse graphically the 

obtained results.   

Generally, it is used in geotechnical, civil, hydrogeological and mining engineering projects.  

The structure modelling of a dam consists in a series of processes with the final goal of building a 

model of the hydraulic behaviour of an embankment profile dam, and to analyse how the behaviour is 

influenced by different characteristics, components and positions. This procedure must conduct to 

better solutions after the analysis of advantages and disadvantages of several possible cases and 

conditions that are studied with the help of the numerical model. 

 
 

5.2.6.1. Introduction to SEEP/W 

In this point a small introduction of flow nets used by the software SEEP/W is presented. SEEP/W 

does not create a true flow net, because it only creates the possible flows related with a few special 

situations, however, it does compute and display many elements of a flow net which are useful for 

interpreting the  results in the context of flow net principles. The flow lines must be approximately 

perpendicular to equipotential lines, [101]. 

 
Fig.  5.15- Sketch of an embankment dam with equipotential lines and flow paths; [102] 

 
The figure 5.15 shows an example with equipotential lines and flow paths, and in flow net 

terminology, the area between two flow paths has the name flow channel. An important thing is that 

the flow between each flow line must be the same.  

The results, and specifically the flow quantities (Q) are a main interest in a seepage analysis. In 

SEEP/W the flow quantities are evaluated by defining a flux section.  
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𝑄 = (△ 𝐻) ∙ 𝑘 ∙
𝑛𝑓

𝑛𝑑
    [m

3
/s]                                                       (5.4) 

Where: 

Q = rate of water flow (volume per time); 

k = permeability coefficient; 

△H = height difference; 

nf = number of flow tubes; 

nd = number of equipotential drops. 

 

This equation relates the conductivity with a ratio of the number of flow channels to the number of 

equipotential drops. 

According with SEEP/W manual, this approximation from the flow net equation is reasonably close to 

the SEEP/W computed flux.  

To prove this explanation an example for a homogenous dam was prepared and its results were 

compared with the flow section value produced by the software. 

 

Example: 

k (embankment body) =1,49e-5 [m/s] 

nf=3 

nd=10 

 

 

 
Fig.  5.16- Example of homogeneous dam with equipotential lines and flow paths; 

 

𝑄 = (△ 𝐻). 𝑘.
𝑛𝑓

𝑛𝑑
                                                             (5.4) 

=  32 x 1,49e − 05 x 
3

10
 

= 1,43 e -04   m
3
/s  per m of dam 
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According with this equation the water flow that passes through the middle of the homogenous dam, 

should be approximately 1,43 e-4 m
3
/s per meter of dam. This value is compared with SEEP/W 

Results, in point 5.2.6.5. 

 
 

5.2.6.2. Definition and characterization of the São Domingos Dam  

To develop this study, the São Domingos Dam, located in Peniche, Portugal, was used as an example 

for modelling. The main function/usage of the dam is for irrigation and water supply. 

The dam was constructed between 1987 and 1993, and has a zoned profile, composed by a clayey 

central core, with two layers at upstream and downstream side, separated of the central core by a filter 

of sand, see figure 5.17. 

 

 
 

Main characteristics of the dam: 

Dimensions:  

 Height = 39 m 

 Retained water volume = 7.900 Mm³ 

 Crest length = 280 m 

 Dam volume = 260 M m³ 

 Foundation = sandstones, clays and loams 

Spillways:  

 Location = left side 

 Type of control = without control 

 Type of discharger = slope channel 

 Capacity = 144,39 m3/s 

 

 
Fig.  5.17– Cross section of São Domingos Dam; [100] 
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Fig.  5.18– Aerial view of São Domingos Dam (downstream side); [100] 

 
 

5.2.6.3. Definition and characterization of the dam model 

This modelling was made with the student license of SEEP/W, and this license has some limitations, 

such as a maximum of three different materials and a finite element mesh with a maximum of 500 

elements. Due to this factor, the profile of the dam was simplified as it is possible to observe in figure 

5.19, and the material of grout curtain was considered as the same of the central core.  

 

 

Fig.  5.19– Dam profile for modelling; 

  

On the numerical model, the simplified dam profile, see figure 5.20, is composed of: 

 Central core of silty clay;               

 Embankment body of silty sand;   

 Foundation of silt;                          

 Grout curtain of silty clay.             
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Fig.  5.20– Different elements for modelling the dam profile; 

 

In figure 5.20, it  is possible to observe the different elements of the body and of the foundation of the 

dam, as well as  the water level of the reservoir, the lines of boundaries conditions, the finite elements 

mesh and the flux section. For boundaries conditions (BC), the dark blue line represents the elements 

that are in direct contact with the water reservoir. The red line represents the zero pressure and the 

yellow line in the downstream face represents the potential seepage face. 

The model mesh has approximately 3,35 meters of global element size, with 567 nodes and 498 

elements. 

The flux vector gives the information about the flux of water in m
3
/s, that will pass through the central 

section. This information was used to compare the three different models, with different conditions.  

The table 5.3 has the materials and the corresponding k (permeability), of each one of the soil types. 

 
Table 5.3– Used values in the simulation; 

Material K [m/s] Soil type 

Central core 1,00E-08 Silty clay 

Embankment body 1,49E-05 Silty sand 

Foundation 6,00E-07 Silt 

Grout curtain 1,00E-08 Silty clay 

 
 
 

5.2.6.4. SEEP/W Simulations 

This study includes three different simulations, with the main goal of studying the hydraulic events 

like the seepage, hydraulic gradient and the seepage velocity. This analysis should serve to understand 

better the advantages and disadvantages of using different kinds of materials and their relative 

positions. During the project design, this kind of studies must be made by the designer, relating the 

results with the stability and also with economic aspects.  

 

 

 

BC: reservoir 
head 

 BC: zero 
pressure 

 

BC: potential 
seepage 
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The three simulations are shown on figure 5.21. 

 

1- Homogeneous dam, without central core and grout 

curtain. Just using two materials, the silty sand for 

the embankment and the silt for dam foundation.  

 

2- Zoned dam, as the example of figure 5.20, with 

central core flanked by silty sand, a grout curtain 

and a silt foundation; 

 

3- This simulation is similar with the 2
nd

 one, but 

without grout curtain. 

 

 

 

5.2.6.5. SEEP/W Results 

Figure 5.22 shows the results of the 3 simulations performed with the software. 

 

 Simulation 1 

 
 

 

 Simulation 2 

 

 

Fig.  5.21– Dam profile of the three simulations; 
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 Simulation 3 

 
 

Fig.  5.22– The three simulations in the SEEP/W (pressure head); 

 

With these 3 images it is possible to observe the differences in the phreatic line, and the positive 

influence of the central core. The difference of the saturation line between cases 2 and 3 is that, in the 

second case the phreatic line on the downstream side of the core is closer to the massive foundation 

than in case 3. Table 5.4 shows the value of the flux vector and the maximum hydraulic velocity 

registered. 

Table 5.4– Results of simulations – SEEP/W; 

 

 

 

 

 

 

The results, obviously, show a higher water passage in the homogeneous simulation, followed by the 

simulation 3, and in the end, the simulation 2. Comparatively, the maximum hydraulic velocity is 

much higher in the first scenario than in the second or third. The values of the water passage and their 

hydraulic velocity mean a higher probability of erosion and consequently a potential failure.  

The flux and hydraulic velocity values arise by the application of the equations 5.1 and 5.2. The 

hydraulic gradient is higher in the first case because, using the same points, with the same distance, in 

the case 1 and in the case 2, the “∆h” is higher in the 1
st
 case, determining a higher value of “i” and 

consequently a higher velocity, because the material is the same (k).  

It is also interesting to observe the influence of grout curtain in the pressure head. In the simulation 2, 

mainly in the downstream part of the foundation, the pressure head is lower than in the simulation 3.   

 

Considering the result of the water flow in simulation 1, Q=1,30e-04 m
3
/s, it is possible to prove the 

handmade value calculated in point 5.2.6.1 before, Q=1,43e-04 m
3
/s, which also proves the theoretical 

explanation. 

 

Simulation 
number 

Flux vector [m3/s] 
Max. Hydraulic 
velocity [m/s] 

1 1,30e-04 1,83E-05 

2 2,66e-06 2,41E-06 

3 5,93e-06 5,37E-06 
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Concluding, the seepage is lower in the situation with central core and grout curtain, increasing the 

safety factor related with potential erosion. 

In many other cases, this software is used to simulate dams with filters, drains and different materials 

with different characteristics, such as the soil permeability. With the results, it is possible to determine 

the dam behaviour and the corresponding stability. 

 

5.3. OVERTOPPING  

5.3.1. GENERAL ASPECTS 

The statistical analysis in t chapter 4 shows that the problem of overtopping is the most common cause 

of failure. The data from ICOLD 2003 shows that recent embankment dams failures totalize ¾ of the 

33 105 large dams failures that occurred worldwide, corresponding 88% to earth dams and 12% to 

rockfill dams. This fact means that engineers must be concerned with the need to investigate, study, 

and develop new experiences to decrease this numbers.   

The two main situations that can cause an overtopping event are: 

 Insufficient/Inadequate spillway design; 

 Extreme flood exceeding design criteria. 

However, these two situations mean the same, a small capacity of the spillway, which causes the 

overtopping of the crest of the dam and the consequent external erosion, which can lead to a dam 

failure.  

 

 

Fig.  5.23– Glashütte embankment dam overtopping and breaching in Germany (August 2002); (by Dr Antje 
Bornschein); [98] 

 

5.3.2. SETTLEMENT AND DEFORMATION 

The probability of overtopping events can easily increase if, with the time, a reduction or loss of dam 

freeboard happens. This question is related with dam settlements and deformations, and the dam 

designers should contemplate these estimations during the dam project design to mitigate this problem 

in the future. 
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Freeboard is the distance from a reservoir water surface to the top (design crest elevation) of the dam, 

as it is possible to see in the next figure 5.24. 

 

Fig.  5.24- Example of loss of freeboard due to liquefaction of foundation; [104] 

 

The most important aspect that can increase or decrease the settlements is the consolidation of the 

embankment materials, the soil foundations and also, the minimal consideration of bedrock settlement. 

However, the effects of settlements and deformations are, [103]:   

 Reduction or loss of freeboard; 

 Internal and/or external cracks; 

 Damage to appurtenant structures located within or upon the dam; 

 Failure of instrumentation. 

 

These 4 possible consequences can lead to a dam failure, and the evidences are the historical data, that 

attributed some dam failures mainly to non-uniform settlements. 

The probability of failure increases when embankment dams are built on sites with compressible 

foundations or when they are crossed by geologic discontinuities. The elastic or plastic deformations, 

or also called as recoverable or permanent part of the deformations, is an important aspect to analyse 

in the dam foundations.  

The more important type of settlement caused by overtopping problems is the excessive uniform 

settlement of the dam, because this can lead to the loss of freeboard and the danger of overtopping. On 

the other hand, the differential settlements between sections or zones can lead to the development of 

transverse or longitudinal cracks through the embankment, respectively. These cracks can 

consequently lead to erosion and piping problems.  

It is known that, during the construction of a dam, some internal deformations take place due to 

changes in total stresses and pore pressures. For the case of deformations after the construction, some 

authors display some formulas capable to predict and estimate the primary and the secondary 

consolidation settlements. These formulae, as well as a model to describe the soil behaviour and 

suitable methods to describe the soil parameters, are the principal steps in a settlement analysis, [103], 

[105]. 

In chapter 6, it will be presented some emergency and temporary measures, as well as long-term 

measures for this potential incidents, but in addition the designer should assume, from the beginning, 

some cracking of the core, if the dam has one, and to mitigate this effect he/her should incorporate 

filters and drains into the design to control seepage and prevent movement of material, see figure 5.25.   
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Fig.  5.25- Failure patterns of embankment dams in a homogenous earthfill, homogeneous rockfill and rockfill with 
core dam, respectively. [104] 

 

5.3.3. OVERTOPPING WAVES 

The topic of overtopping waves is an important aspect that should be considered for the freeboard 

design, to avoid the future probability of dam overtopping. This event can happen due to the wind-

generated wave heights and wave run-up. 

The engineers developed some methods to analyse and estimate those effects and with this build a 

freeboard capable to protect an embankment dam, and maintain the safety of the structure.  

To estimate these aspects, some characteristics of the waves on the reservoir, as also of the size of the 

reservoir, the wind tide and direction, and the upstream slope face are necessary to input as variables 

of the design of slope protection and freeboard. The statistical data of embankment dams show that 

large reservoirs and long fetches have more probability of big waves than the small ones, [107], [108]. 

 

Fig.  5.26- Method for determination of effective fetch; [106] 

 

The image above shows the method used for the determination of effective fetch. The effective fetch is 

determined as the average distance in the direction of the wind within a 90° sector centred about the 

wind direction. The most unfavourable wind direction is assumed to coincide with the orientation of 

the maximum effective fetch, [106].  

 



Hydraulic Engineering - Failure of Large Dams  
 
 
 

84 
 

The following image and equations are used to explain a method to estimate and calculate the 

freeboard of an embankment dam, according with wave run-up and wind tide principles.  

 

 

 

Fig.  5.27- Sketch for wave height “H”, wind tide “S”, and run-up “Ru”, at the upstream slope [106] 

 

Ru= r x Hs                                                                                                                (5.5) 

Where: 

Ru = run-up, vertical height above still water level; 

r = attenuation factor; 

Hs = significant wave height; 

S = wind tide in meters. 

 

The attenuation factor “r” is related with the Iribarren number, which is associated to the wave slope 

geometry. The Iribarren number can be calculated through the next graphic that expresses the value of 

“r” for the type of wave breaking at the slope. 

 

 

Fig.  5.28- Run-up attenuation factor for typical embankment slopes; 106] 
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5.3.4. NUMERICAL SIMULATIONS 

The ongoing engineering projects have three main objectives to study and improve, which are to 

understand the mechanics of soil erosion and particle motion in the embankment to modelling and 

calculate the erosion breaching process and its formation. Other objective is to analyse the water 

propagation, in the case of a dam failure, downstream of a dam, in order to predict the actions needed 

to evacuate all the people that could be affected by that failure The knowledge of the flood wave 

propagation is really important for the civil protection services to be ready for an eventual unfortunate 

case of a dam failure, so that they can efficiently plan the necessary operations to decrease the 

potential losses. The third objective is to improve the current ability for reliable prediction of flood 

hydrograph that is used to design the spillways, the outlet bottom and for evaluating the maximum 

storage, height and freeboard requirements of the dam. 

Usually, the problem is that the laboratory test cases are very expensive, and involve laboratory 

materials and space, as well as time and personal staff. Because of this reason, the new investigations 

are normally developed using numerical simulations, that use the Finite Elements method.  

The numerical simulations give a good approximation to reality, but some laboratory tests should be 

executed so that the numerical simulations can be “calibrated” and reproduce realistically all the 

characteristics of the dam, [97], [98]. 

To increase the accuracy of these methods, some studies have been done at Graz University of 

Technology, specifically developed by Coleman et al. (2002), and most recently in 2014, with the 

Master Thesis of Moser “2D Numerical Simulations of Dam Failure”. Some aspects of these studies 

are presented below, [99]. The main objectives of the researches, according with the authors, are “The 

possibilities of how to find out, how a dam may break and how a flood wave might find its way 

downstream”.  

During the year 2002, Andrews and Jack made several laboratory tests that were after published by 

Coleman et al. about the erosion process and failure of a homogeneous dam. The dam was composed 

of uniform materials and the simulation cause was by overtopping. In 2014, Moser et al. made the 

comparison of this data with a new numerical simulation on Telemac-2D. 

 

 

Fig.  5.29– 3D view of various time steps of the breaching process; [99] 
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After the theoretical simulation showed in the previous figure, a real simulation was made for the case 

of a snowmaking reservoir.  In the case of Austria, the storing of water for the artificial snow 

production is a reality, and the 3D view of the dam break hydrograph, in the numerical model is in the 

next picture.  

 

Fig.  5.30– 3D view of various time steps from the modified FE-simulation; [99] 
The following simulation is about the flood wave propagation, which is extremely important to try to 

estimate the time of propagation of the flood after failure. This aspect means the duration that the 

population that lives downstream of a dam has to be able to be in security. The questions of how a 

dam breaks and which regions are affected are also important for the safety plans. 

 

Fig.  5.31– Flood wave evolution, Telemac-2D and the cross sections for the flood wave evolution; [99] 
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This graphic shows the relation between the time and the discharge in different cross section 

downstream of a dam, and it is possible to observe that for this case the most problematic situation 

will be around the 15 – 20 minutes, according with the peak of the curve, [99]. 

 

The comparison between laboratory tests and these simulations in addition with new investigations 

using advanced analytical tools and more precisely methods to evaluate the potential consequences 

and dam failure probabilities are the next research steps to be performed in this field. 
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6 
REPAIR MEASURES 

 

 

6.1. INTRODUCTION 

In this chapter, and according with the most common causes of a potential dam failure presented in 

chapter 5, some possible repair measures for piping and overtopping events are analysed.  

In the first part of the chapter, the different hypothesis of repair measures for piping problems are 

considered. The repair measures are shown for three different stages, such as, crisis interventions, 

short-term interventions and long-term interventions. The solutions of filters/drains and grouting is 

detailed.  

In the second part of the chapter, the overtopping solutions appear, showing different approaches for 

avoiding dams overtopping. The repair measures are related with different systems for different causes 

that are namely: settlements and deformations; floodwater; wave erosion – riprap; protection systems 

– spillways. 

 

6.2. PIPING – REPAIR MEASURES 

The need of repair measures presupposes that something wrong is happening with the dam and the 

possible solution is related with the problem cause. It is important to understand that, in general in 

civil engineering problems, it does not exist one solution, or a perfect solution, but a solution with 

many variables, and with different aspects like structure stability, financial aspects, safety factors, etc. 

This fact means that the possible actions will serve only as a guide, because many variables are 

involved and each dam site is different.    

The basic concept concerning repairing an embankment dam is to improve the existing situation, and 

this means that materials with equal or better quality than the original ones should be used, to avoid 

future problems that can lead to a dam failure.  
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As already mentioned in the introduction point, the type of intervention to use is related with the 

dimension of the problem, and according with (Bradley et al, 2007), it is possible to take different 

actions related with the emergency of the problem. These three different steps are, [111]: 

 Emergency interventions;  

 Short-term interventions;  

 Long-term interventions. 

 

The emergency interventions can include an emergency reservoir drawdown, evacuation of 

downstream populations, filters, downstream gradient reduction and crack or pipe filling. 

The short-term measures can also include a reservoir drawdown or some reservoir restrictions, as well 

as grouting, filters/drains/berms, and relief wells. 

The long-term interventions can include filters/drains, positive cut-offs, grouting, filters/drainage 

berms and relief wells. 

 

Next, (see figure 6.1) several steps that can be taken as short measures in an emergency case, are 

summarized. 

 

Problem Backward erosion piping through the embankment dam, foundations or abutments; 

Action 

Monitoring the outflow quantity, and its colour. If the outflow is getting more dark, 

can mean that more particles are being transported; 

Lower the water level of the reservoir until the flow stabilizes or stops; 

Analysis of downstream side with the goal of discover for a possible opening and plug 

it; 

To prevent more migration of fine particles from embankment materials, it must be 

provided a protective filter of sand and gravel over the exit point(s). 

 

Fig.  6.1- Measures in an emergency case; 

 

A sinkhole can be caused by backward erosion piping, and happens when a subterranean erosion 

feature collapses. For this type of problems the same steps must be taken, just adding the next two 

points. 

 Inspect and record location and dimensions, as depth, width and length; 

 Begin the sinkhole excavation and plug it, with hay bales, bentonite, plastic sheeting or other 

similar material, [109], [111]. 
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6.2.1. CONDUITS MEASURES 

In the embankment dams, the design and construction of conduits is an important part, because the 

statistical data about dam incidents show that this type of piping events is very common. The 

probability of seepage around the conduit is high, independently of the conduit material.  

 

The conduits have been constructed using a big variety of materials, including: 

 Concrete: reinforced cast-in-place, precast; 

 Plastic: thermoplastic, thermoset; 

 Metal: steel, cast iron, ductile iron, CMP (corrugated metal pipe). 

 

The most common conduit defects are related with deterioration problems, such as corrosion, abrasion, 

aging and cavitation or, on the other hand, with poor/deficient design and construction. However, it is 

necessary to understand that each conduit material reacts differently within the dam. 

When an incident happens in conduits, or just maintenance and surveillance operations, the most 

common methods of conduit inspection, to evaluate the real state of the conduit and the severity of the 

problem, are: man-entry; ROV (remotely operated vehicle); closed circuit television; [112] 

 

Some authors divide corrective actions for conduits problems in four different methods: 

 Sliplining/renovation; 

 Remove and replace; 

 Repair; 

 Abandonment. 

 

a) Sliplining/renovation 

Usually, this method is very popular and has good results to solve the problem. The most used type of 

conduits in this method is flexible plastic, as for example HDPE (high density polyethylene) and steel 

pipe.  

The sliplining method, as a method of conduit renovation, consists in pulling or pushing a new pipe of 

smaller diameter into the conduit and grouting the annulus. 
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Fig.  6.2– A high density polyethylene plastic slip liner is being inserted into an existing corrugated metal pipe 
outlet works conduit; [114] 

 

b) Remove and replace 

This method consists in removing the existing conduit and build a new one at the same place, or in 

other one. The main disadvantage of removing a conduit is the costs associated to the dam excavation. 

The costs for removal and replacement may be five to ten times higher than for the sliplining 

renovation method, depending on the height of the embankment dam. The costs increase with the 

height of the embankment dam. When the removed operations are too much expensive, the conduit 

can be abandoned by backfilling the conduit with grout and a new conduit is installed at a different 

location.  

 

c) Repair Techniques 

The repair techniques can be divided in spot repair or grout injection. The cause and extent of the 

damage must be strictly determined and, after an intense analyse, proper technique must be chosen. 

For the solution to be durable, the proper preparation, application, and curing must be performed.  

 

d) Abandonment of conduits 

This procedure is used when the conduit is not more available for the functions that it was built for, 

and the costs of removing it are expensive. The alternative is the abandonment of the conduit, and 

generally the method used is by injection of grout. 

 
  

6.2.2. REMEDIAL GROUTING METHODS 

Remedial grouting methods are regularly used in internal erosion events, and more specifically in 

piping events. The main concept of grouting is to use injection grouting to compensate the loss of 

material inside the core and, with this to restore the dam stability. One of the main advantages of this 

method is the unnecessary dismantling of the dam, because it is provided by the injection of grouting. 

Considering the grouting field, different grouting techniques may be made, depending on the intention, 

the type of soil, type of dam, and real problem.  
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The grouting measures must have two different goals, the seepage decrease and the raise of the 

geotechnical stability. The procedure of remedial work is composed first by a problem analysis and 

then of a repair plan. After this, a seal of the lake and in the end, the mending of the damage. 

The grout material can be cement, soil or chemical solutions. Nowadays, bentonite is used, all over the 

world, in grout works as an additive, in order to prevent separation during the grouting process. 

Basically, bentonite is a clay of expansive nature. 

 

 

The quality and result of remedial grouting methods depend on several factors. According with 

Brantberger, 2000, these factors are, [111]: 

 For a grout curtain – distance between drilled holes, look-out, depth of drill work, drilling 

equipment and circulation flush;  

 For the grout alone – penetration ability, hardening, filling of the voids and durability;  

 For the equipment – blender, mixer, pumps, dosage, and recording equipment;  

 For the injection methodology – criterions for grout pressures and stopping, criterion for the 

grout, order of injection, several holes injected at the same time and intervals of injection.  

 

The water/cement (W/C) ratio is very important, and depends of the type of structure and of the 

damage. This parameter is the viscosity of the grout and it is modified by variation of the water-to-

cement ratio. The expression can also be a soil-to-water ratio, if instead of cement, soil material is 

used. 

The definition for water-to-cement is:  

w/c = mw / mc                                                               (6.1)        

Where: 

mw = mass of water [kg]; 

mc = mass of cement/soil [kg]. 

 

Some authors like Ekström et al 2001, define that w/c ratio for grouts should be: 

 Between 1 to 3 for smaller cracks; 

 Between 0,5 to 1 for larger cracks. 

 

A higher w/c ratio, means a grout with more water and thereby the grout is not as durable and denser 

as grouts with lower w/c ratios but, on the other hand, the penetrability is higher for higher w/c ratios. 

 

Summarizing, the main advantages of grouting along an existing conduit through an embankment dam 

are the minimized impacts of downstream users and the reduced costs, when compared with other 

methods such as, renovation or replacement.  
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The disadvantages are related with the impossibility of verification if the filling of all voids 

surrounding the existing conduit was well made. Other disadvantage is the fact that this method should 

not be considered as a permanent repair, because it will not likely provide 100 % encapsulation of the 

conduit. Because of this, and the specialists affirm that grouting methods should always be combined 

with a downstream filter diaphragm or collar. The filter aspects are presented in the next point. 

 

 
 

Fig.  6.3– Grouting the annular space between the new pipe and the existing pipe. [114] 

 

The grouting method can be performed from the interior of the existing conduit or from the surface of 

the embankment dam. This aspect depends if it is possible a man-entry inside the existing conduit for 

the injection of the cement or for sealing the leaking joints. However, the percentage of success is 

higher if the work is made from the interior than made from the surface of the embankment dam. 

The grouting process should be executed by the following way: the grout is pushed in the same 

direction of the water to increase the pressure and to maximize the grout penetration and the filling of 

voids, and also to minimize the potential erosion of grout by flowing seepage waters, [114]. 

 

 

Fig.  6.4– Drilling a grout hole from the interior of a conduit; [114] 
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6.2.3. REPAIR MEASURES – FILTERS 

Typically, in a new dam or in a dam reparation, several solutions related with filters are possible. 

Filters have two main basic function, particle retention and to provide drainage.  

 

The following four sketches are good examples of emergency measures that can temporarily control 

piping below dams (figure 6.5).  

         

 

 

 

Fig.  6.5– Emergency measures to temporarily control piping below dams; [115] 

 

The solutions shown in figure 6.5 are the most common and should prevent more migration of fine 

particles from the embankment materials. The solutions include a protective filter, with fine 

aggregates or with a geotextile. The sandbag dike is used for sinkholes events caused by piping.  

 

All the different possible solutions must be accomplished with a rigorous monitoring system, as for 

example with piezometers or observations wells. The objective is to measure water levels or pore 

water pressures in embankments, foundations, abutments, soil, rock, or concrete. 

 

Before 1980, in the most part of the embankment dams it was normal to use an antiseep collar. 

However, after this, some researches showed that this solution was not the better one. This aspect 

means that, in many dams built before 1980´s, this solution is present. The antiseep collar was used as 

a defensive measure.  
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Fig.  6.6– Example of an antiseep collar; [112] 

 

Currently, the dam design state-of-the art define that each dam must include a zone of filter material 

surrounding the conduit. In new dams or for extensive renovation a chimney filter must be built. The 

chimney filter works as a protection filter of the conduit, decreasing the probabilities of a future 

problem related with the conduit. 

When filters exist placed around conduits or other structural penetrations, normally filters diaphragms, 

to provide protection against piping along the exterior walls or internal erosion. The next figure 6.7, is 

an example of a filter diaphragm are used, that can be used for new or for the renovation embankments 

dams. Around the world, this solution was accomplished with grouting methods as remedial measures 

for dam incidents. This type of filter diaphragm or collar around the downstream portion of the 

conduit should be used, whenever a new conduit is installed, [110]. 

A filter collar is a solution not for new dams, but to be used as repair measure. The results of 

application of this method in several cases confirmed that it is a good solution. The next sketch 

explains the position of the elements in an embankment dam, (figure 6.7). 

 

         
 
 

Fig.  6.7– Sketch of a filter diaphragm and of a filter collar, respectively; [112] 
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6.3. OVERTOPPING – REPAIR MEASURES 

The several repair solutions designed for overtopping are based in dam failures by overtopping. The 

analysis of the failures, both in situ and in laboratory, allowed the production of very useful data and 

precautions. 

 

6.3.1. OVERTOPPING BY SETTLEMENT AND DEFORMATION 

The settlement and deformation aspects of an embankment dam have a huge importance, because the 

dam stability can be compromised by a potential overtopping. For these issues, an important answer 

should be taken, depending on the problem extent. Below some emergency, temporary and long-term 

measures for the situation are described, [106]. 

In an emergency case, the temporary measures can be: 

 Re-establish lost freeboard, by placing sandbags or backfilling in the top of the slide with 

suitable embankment materials; some precaution is needed to not further increase the slide 

potential; 

 Restricting of the reservoir water level; 

 Visual monitoring of the dam and evaluation of the instrumentation data pertaining to 

deformations.  

 

The long-term measures are not of easy application or costs. An exhaustive investigation should be 

done to discover the reasons of settlements and deformations and after this to plan some corrective 

measures, that can include:   

 Restore the dam to design crest elevation; 

 Build filters where muddy seepage discharges occur; 

 Provide relief wells to relieve excess pore pressure at depth; 

 Install a rigorous monitoring system to evaluate the embankment dam. 

 

6.3.2. OVERTOPPING BY FLOODWATER 

In the case of overtopping by floodwater, mainly caused by heavy rains or problems in water level 

measures of the reservoir, it is important to follow the next steps to minimize the consequences: 

 Open the outlet to its maximum safe capacity; 

 Build a sandbag barrier along the crest with the goal of increasing the dam freeboard and, on 

the other hand, force the water through the spillway and outlet, if they exist; 

 Put some plastic sheets, or other materials, to provide protection against erosion at 

downstream slope; 

 Divert floodwater around the reservoir basin, if possible; 

 Create additional spillway capacity by making a controlled breach in a low embankment or 

dyke section, where the foundation materials are erosion resistant, [116]. 
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6.3.3. WAVE EROSION - RIPRAP 

In dam reservoir, the waves caused by high winds can create some erosion problems and consequently 

to cause loss of freeboard or dam cross section. This type of erosion that can lead to dam overtopping 

is usually called of “benching”. This event happens at upstream face, and this face is commonly 

protected against wave erosion but, after this situation, any kind of erosion of unprotected soil is 

faster.  

The repair measures suggested for this problem are: 

 Lower the water level to an elevation below the damaged area; 

 Place additional riprap or sandbags in damaged areas to prevent further embankment erosion; 

 Restore freeboard with sandbags or earth and rock fill; 

 Rigorous inspections of the damaged area. 

If riprap is not available, during some critical time, the combination of polyethylene sheeting and 

sandbags can be a temporary solution, without many costs. Riprap is considered as a good long-term 

solution, [117]. 

 

     

Fig.  6.8– Example of wave erosion (“benching”) and riprap erosion protection on upstream side, respectively; 
[117] 

 

6.3.4. OVERTOPPING PROTECTION SYSTEMS 

As already mentioned in the previous chapter 5, the two main situations that can cause overtopping 

events are related with insufficient/inadequate spillway design and with extreme flood exceeding 

design criteria. The repair measures for this type of problem, include as a good solution to build a new 

spillway or to re-build the old one.  

During the last years, the design floods of a number of dams were re-evaluated and, in many cases, this 

showed insufficient storage and spillway capacity. Considering the high probability of overtopping events, 

the spillway capacity should be corrected, and many studies and researches has been done to develop new 

overtopping protection systems, [119]. 

The most common protection systems are: 

 Minimum energy loss weirs; 

 Overflow stepped spillways; 

 Precast concrete block. 
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a) Minimum energy loss weirs 

The basic concept of this protection system is to pass large flood flows with minimum flux in 

catchments with very flat slope. 

 

 

Fig.  6.9- Minimum energy loss weirs example. Chinchilla MEL weir (1973), Q=850 m3/s; [118] 

 

b) Overflow stepped spillways 

This type of spillway can be used as primary or secondary spillway and was developed during the 

1990s. Different techniques to build this exist. However, the most common construction method is 

RCC (Roller Compacted Concrete). In some cases the new protection system includes a protection 

layer, a drainage layer beneath steps and is also supplemented by drainage holes. 

While most modern stepped spillways consist of flat horizontal steps, recent studies suggested different step 

configurations that might enhance the rate of energy dissipation. (Andre et al. 2008, Gonzalez and 

Chanson 2008), [119]. 

 

     

Fig.  6.35– Example of overflow stepped spillways in Opuha Dam, New Zeland (h = 50 m), and Barriga Dam, 
Spain, where it is possible to observe the energy dissipation mechanisms in the end of the spillway; [118] 
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c) Precast concrete block 

This method was developed by Russian engineers with the main function of primary spillway. Precast 

concrete block consists in interlocked individual blocks with next elements in an overlapping staircase 

fashion. In the end, for energy dissipation, the model has a stepped chute design.  

The main advantages of the concrete block system are the flexibility of the stepped channel bed, 

because it allows differential settlements of the embankment. This detail happens because the 

individual blocks do not need to be connected to adjacent blocks.  

Usually, the blocks are precast in factory and, as they are transported for the site construction for 

direct application, the construction time of this method decreases substantially. 

 

      

Fig.  6.36– Example of precast concrete block spillway and the detail of drainage holes at Friendship Village, 
Missouri; [118] 
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7 
FINAL REMARKS 

 
 

7.1. CONCLUSIONS 

This Master Thesis works as a summary in the way that is needed to follow in matters of new 

developments and consequently in researches, studies with the main goal of reducing the probability 

of a dam failure. The way of new developments described in this work takes into account the statistical 

data and the lessons learned from past dam incidents.  

It is crucial to continue the work about past incidents and their causes. However, it is still missing a 

strong data base with all types of information. The international commissions of large dams should 

make an effort together with the universities and dam national authorities to create a data base with 

information about the type of incidents, their causes, the characteristics of the dam and also of the 

construction site. The adopted solutions for each different case and their functionality constitute also 

information that could be used for the process of repair measures. 

With this work, it will also be possible to conclude that the choice of materials, as well as the 

existence of filters and the construction process are essential parts for a successful dam construction. 

From the author´s point of view, these problems could be reduced through a higher rate of inspections 

and the accompaniment of the responsible entities. The topic of materials criteria has an important role 

for the dam safety, and it is not wise that construction companies adopt poor materials with the 

objective of gaining money and with this to increase the potential of future incidents, that can lead to a 

dam failure.    

The questions related with the first filling and the dam behavior during the first year should have a 

more detailed monitoring plan, because it is during this period that the probability of incidents is 

higher. This conclusion, once more, was obtained from the statistical data and lessons learned from 

past incidents. An increased investment in prevention and inspections can avoid future problems 

concerning the use costs for the dam owner, for the downstream region and for their inhabitants.  
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In the matters of piping and overtopping, a lot of problems and faults are still occurring in dams, 

making these causes the two main causes of dam failures which are manly related with embankment 

dams. They should be widely analysed in order to develop new researches, techniques, solutions, etc.  

During the last years, the design floods of a number of dams were re-evaluated and, in many cases, 

showed insufficient storage and spillway capacity. Authorities must force the dam owners to correct these 

problems with new overtopping protection systems to decrease the actual high potential of disaster.  

The future paradigm of safety dams will be related with the following two points: 

 Most of the easy dam sites around the world have been utilized; this means that future dam 

construction will be necessary at progressively more difficult in terms of geology and seismic 

issues at complex dam sites, which increases the probability of dam failures accidents; 

 Nowadays, for the major case of the developed countries, the future is not to build new dams; 

the challenges relate to the rehabilitation, renovation and optimizing of the operation of the 

existing dams for multiple functions. 

 

Concluding, many research work is missing around the structural and hydraulic dam safety topics, 

with the main goal of reducing the number of dam incidents and failures. Only one dam failure can 

induce a huge number of losses at the downstream dam area. The development of alarm systems, as 

well as evacuation plans, to mitigate an eventual disaster, must be produced to work as an alternative 

“action plan” in the case of impossibility to ensure the dam stability. 

 

7.2. SUGGESTIONS FOR FUTURE RESEARCH 

Around the topic of Dam Failures, a huge number of future research can be done, and should be done. 

Nevertheless, the author of this thesis mentions the followings: 

 Detailed analyse of the most common causes of dam failures for concrete dams, because the 

present dissertation just showed in detail the cases of embankment dams; 

 Creation or development of the ICOLD data base, with free access to all civil engineers 

professionals, with information about the type of incidents, their causes, the characteristics of 

the dam and also of the construction site; 

 Development of the topic of dam maintenance, rehabilitation, renovation and optimization; 

 Analyse of several monitoring and inspection programmes and their possible improvement: 

 Materials criteria; 

 Construction inspections; 

 First filling of dam reservoir; 

 First year of dam operation. 

 Detailed analysis and consequent synthesis of different solutions of repair measures of piping 

and overtopping problems. This research should include the results of past applications for 

each problem and its related solutions. 
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