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ABSTRACT 
 

A dam is a barrier constructed across the river to impound water for different purposes such as 
irrigation, flood control, hydropower, water supply, aquaculture and navigation. A state of art about 
different types of dam and their status in geotechnical engineering can provides valuable 
information for geotechnical engineers, designers and concerned parties to build a safe structure. 
This paper briefly introduces different types of dams from available primary and secondary sources 
over height 100m in the world. 446 numbers of dams from different country over height 100m have 
been complied in the database from available sources. Data have been classified according to the 
type of materials used at construction, numbers of dams respect to height and types of dams in 
specific country. Further, highlight on construction methods, key technical issues and challenges 
during construction, promising causes of different types of dam failure with some case studies of 
dam failed in the world are presented. The aim of this paper is to provide a valuable comprehensive 
reference for geotechnical engineer, dam engineer, designer and owner to better understand the 
behavior of constructed dams and their application in construction of large dams in coming future.  
KEYWORDS: Dams; Construction Method; Failure; Key Technical Issues;  
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INTRODUCTION 
A dam is a barrier constructed across the river to impound water for different purposes. A 

huge reservoirs created by dams not only suppress floods but also provide water for activities 
such as irrigation, human consumption, industrial use, aquaculture, and navigability. Hydropower 
is often used in conjunction with dams to generate electricity. Dams can be classified in many 
ways on the purpose of uses. According to the hydraulic design dams can be classified as 
overflow dam (to permit overflow of surplus water from its crest, non-over flow dam (water is not 
allowed to overflow over its crest) and rigid dams which are constructed with rigid materials and 
non-rigid dams which are constructed with earth and rock-fill.  According to The Purpose, the 
dam can be classified as: Storage dam, diversion dam, detention dam, debris dam and coffer dam. 
Storage dams are constructed to store the spring runoff to use in dry season, a diversion dam is 
constructed for the purpose of diverting water of the river into an off-taking canal (or a conduit), a 
debris dam is constructed to retain debris such as sand, gravel, and drift wood flowing in the river 
with water, detention dams are constructed for flood control i.e. to retards the flow in the river on 
its downstream during floods by storing some flood water and cofferdam also known as 
temporary dam is usually constructed at the upstream of the main dam site to exclude water so 
that the construction can be done in dry. 

Dams are important infrastructure of every nation serving numerous economic, agricultural, 
environmental, and recreational purposes. To fulfill the mentioned purposes, numbers of high 
dams over 100m are built around the world, some are under construction and some are in 
planning phase. The construction of a dam project is complex and depends on a number of factors 
such as geological condition, country demand and cost effort by nation and environmental impact. 
Some key technical issues will arises during construction of phase of such huge dam and learning 
from past experience these issues can be addressed in upcoming projects in future. Though 
creating many advantages, dam safety is becoming an increasingly important issue. A dam failure 
can be a catastrophic event with dangerous consequences to the downstream area and the 
surrounding environment. In many locations, if a dam fails it can cause massive damage to 
property, the economy, the environment, and can result in fatalities. 

In this paper, a database has been complied containing 446 dams over 100m height around the 
world from the available literatures [1-6]. Brief introduction to the classification of dams 
according to the construction materials are presented. Further, construction method, key issues 
and challenges during construction, promising causes of different types of dam failure with some 
case studies are highlighted. This study will provide a comprehensive guideline for geotechnical 
engineer, designer, developer and owner to better understand the behavior of constructed dams 
and their application in construction of large dams in coming future. 

ESTABLISHMENT OF DATABASE 
More than 400 dams over height 100m throughout the world excluding dams from Russia and 

Canada have been collected from the literature [1-6] and compiled into a database. Information on 
details of the types of dams according to the materials used for construction, numbers of each type 
of dams according to the country was collected. The cases comprise earth dams, concrete dams 
and concrete faced rock fill dams (CFRDs) and so on. Figure 1 compares the numbers of dams 
over height 100m in each country. Numbers of dam with different height range is shown in Figure 
2. Figure 3 represents the percentages of different type of dams and among them 47.7% are earth 
dams including CFRDs followed by concrete dam. Further, Table 1 represents different types of 
dams in each country. China holds the biggest numbers of dams among them followed by USA 
and Japan.  
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Figure 1: Number of dams according to country (>100m height)  

 

 
Figure 2: Number of dams with height ranges (m) 

 

 
Figure 3: Percentage covered by different types of dam  
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Table 1: Numbers of different types of dams according to country  

Country 

 
Types of Dams 

 

Concrete 
Arch Gravity Embank- 

ment 

 
CFRD 

Concrete 
Arch-

Gravity 

 
RCC 

 
Buttress 

 

Un- 
known 

 
Total 

China 22 44 12 60 6 2 1  147 
USA 11 8 29 1 8 1   58 
Japan 8 18 10 1 1 1  5 44 

Switzerland 19 4 2      25 
India  1 5 16      22 
Iran 6 1 7  3 1 2  20 

Turkey 3 1 8 2 3 1   18 
Brazil  1 5 8    1 15 
Italy 7 1   2    10 

Mexico   4 3 2    9 
Others 16 9 28 10 10 4 1  78 

 
Total 

 
93 

 
92 

 
121 

 
85 

 
35 

 
10 

 
4 

 
6 

 
446 

CLASSIFICATION OF DAMS 
Dams can be classified in various ways depending upon the purpose. In this section, 

classification of dams according to structural behavior and materials used for construction are 
briefly discussed. According to the materials used for construction, dams are classified as Earth 
Dams and Concrete Dams. Earth dam can be further classified as rock fill dam and CFRD, 
whereas concrete dams are of gravity dam, arch dam and buttress dams. Brief introduction to 
these types of dam is given in following sections.  

Earth Dam 
An earth dam is made of earth (or soil) built up by compacting successive layers of earth, 

using the most impervious materials to form a core and placing more permeable substances on the 
upstream and downstream sides. Earth dam resists the forces exerted upon it mainly due to shear 
strength of the soil. Although the weight of the earth dam also helps in resisting the forces, the 
structural behavior of an earth dam is entirely different from that of a gravity dam. The earth dams 
are usually built in wide valleys having flat slopes at flanks (abutments).The foundation 
requirements are less stringent than those of gravity dams, and hence they can be built at the sites 
where the foundations are less strong. They can be built on all types of foundations. However, the 
height of the dam will depend upon the strength of the foundation material. Nurek dam (Figure 
4a) located at Tajikistan of height 300m is the tallest embankment earth dam in the world, which 
is constructed in 1980. 

Rock-fill Dam 
 A rock fill dam is built of rock fragments and boulders of large size. An impervious 

membrane is placed on the rock fill on the upstream side to reduce the seepage through the dam. 
The membrane is usually made of cement concrete or asphaltic concrete. In early rock fill dams, 
steel and timber membrane were also used, but now they are obsolete. A dry rubble cushion is 
placed between the rock fill and the membrane for the distribution of water load and for providing 
a support to the membrane. Sometimes, the rock fill dams have an impervious earth core in the 
middle to check the seepage instead of an impervious upstream membrane. The earth core is 
placed against a dumped rock fill. It is necessary to provide adequate filters between the earth 
core and the rock fill on the upstream and downstream sides of the core so that the soil particles 
are not carried by water and piping does not occur. The side slopes of rock fill are usually kept 
equal to the angle of repose of rock, which is usually taken as 1.4:1 (or 1.3:1). Rock fill dams 
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require foundation stronger than those for earth dams. Alberto Lieras also called as Guavio dam 
(Figure 4b) is the highest rock fill dam in the world. It is located at Colombia and it was built in 
1989.  

Concrete Faced-Rock-Filled Dam (CFRD) 
CFRD is a special type of dam in which dam body is filled with rock-fills or gravel that is 

compacted in layers. Moreover, there is an anti-seepage system using a concrete face slab. The 
concrete slab works like an impervious layer while the rock-fill body consists of granular material 
which has a high permeability and supports the concrete face slab by giving the dam stability. 

One of the main characteristics of CFRD is that, the dam can be constructed taking full 
advantages of local excavated materials at the dam site (as opposed to using expensive material 
from quarries which may have to be transported a long way), simple construction technique, 
economic and best adaptability to geology and topography and  safer in operation. However, 
aggregates used in dam body must meet the quality requirement and the quality of aggregates is 
mainly determined by the local geology and highlights the importance of good geological 
surroundings in order to exploit all advantages with the dam type. When designing CFRDs, there 
are certain properties that have to be assessed thoroughly such as zoning of the dam body, filling 
materials, design of the dam body, various analyses and seepage control to name a few [7].  

Up to 2013, the Shuibuya Dam (Figure 4c) in China, which is 233m high completed in 2008, 
is the world’s highest CFRDs. Construction of Changheba Dam in Dadu River near kangding in 
Sichuan province in China is completed in 2016 and is currently the highest CFRDs dam in 
world. China has 60 CFRD dams over height 100m. The total number of CFRDs is 85 as shown 
in Table1. 

   
(a)                           (b)                     (c)                                                

Figure 4: Examples of highest concrete dams. (a) Nurek dam, (b) Guavio dam, and (c) 
Shuibuya dam 

Concrete Dams 
Concrete dams are the dams made with concrete.  Gravity dams, Arch dams and buttress 

dams falls in this category.  Compared to embankments dams, concrete dams are more durable 
and stronger but are more expensive to construct. Geological materials of the abutments, rock on 
which foundation sits are most important factors to be considered while designing concrete dam. 

 

Gravity Dam 
A gravity dam is a massive sized dam fabricated from concrete or stone masonry which are 

designed to holdback large volumes of water and suitable for wide valleys. By using concrete, the 
weight of the dam is actually able to resist the horizontal thrust of water pushing against it. 
Gravity essentially holds the dam down to the ground, stopping water from toppling it over. Since 
gravity dams must rely on their own weight to hold back water, it is necessary that they are built 
on a solid foundation of bedrock. As can be seen from the Table 1, 92 numbers of gravity dams 

http://www.ejge.com/Index_ejge.htm


Vol. 21 [2016], Bund. 26 10420 
 
over height 100m exists. The highest gravity is Grande Dixence Dam (Figure 5a) with height 
285m built in 1964 and is located in Switzerland. 

Arch Dam 
An Arch dam is an elegant structure that is suitable to U-shaped or V-shaped narrow gorges. 

This is a special type of dam curved in plan with its convexity towards the upstream side. Almost 
of the water pressure and other forces are transferred to the abutments by arch actions thus 
abutments should be capable of resisting these thrust. Compare to gravity dam, section of arch 
dam is thinner. Arch dam may have a single curvature or double curvature in the vertical plane. 
Generally, the arch dams of double curvature are more economical and are used in practice. 93 
numbers of concrete arch dams over height 100m are exist around the world. Jinping-I Dam 
(Figure 5b) located at Yalong River in LiangShan, Sichuan province of China is the highest 
double curvature arch dam in the world by 2016, which is 305m in height and length 568.6m. It is 
built at V-shaped valley in an area with complicated geological condition. List of top 10 highest 
arch dam over the world are shown in Table 2. China has the maximum numbers of high arch 
dam in the world. 

Table 2: List of top ten highest arch dam in descending order  

 
Rank Project Country  Height 

(m) 

 
Construction 

Year 
1 Jinping I China 305.0 2013 
2 Xiaowan China 294.5 2010 
3 Xiluodu China 285.5 2013 
4 Enguri Georgia 271.5 1987 
5 Vajont Italy 262.0 1959 
6 Mauvoisin Switzerland 250.0 1990 
7 Lawaxi China 250.0 2010 
8 Deriner Turkey 249.0 2013 
9 Ertan China 240.0 2000 

10 El Cajon Honduras 234.0 1985 

 
Buttress Dam 
A buttress dam or hollow dam is a dam with a solid, water tight upstream side that is 

supported at intervals on the downstream side by a series of buttresses or supports and these dams 
are more suitable to narrow or wide valleys and must be constructed on sound rocks.. Buttress 
dams are made from concrete or masonry. Buttress is spaced at intervals on the downstream side 
and they resist the force of the reservoir water trying to push the dam over. Compare to gravity 
dam of similar height, buttress dams have thin section with one-third to one-half economy in 
concrete; no problems of uplift or foundation drainage are the advantages of buttress dams. 
Whereas disadvantages of buttress dams are, due to thinner section they are more vulnerable to 
deterioration of concrete, susceptible to damage or destruction by sabotage during war and uses a 
lots of reinforcement due to saving of concrete. Rigid Buttress Dams, Deck Slab Buttress Dam 
and Bulk Head Buttress Dams are three types of buttress dams.  Rigid buttress dams have 
rigidity of construction and upstream sloping deck is made of monolith with buttresses and these 
types of dams are suitable as high dams. Deck slab buttress dam is made of a flat reinforced 
concrete slab spanning across a series of parallel buttresses which rest directly on the foundation 
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or upon a concrete slab resting on the foundation materials. Roselend Dam (150m high built in 
1962) is the highest arch buttress dam located in France (Figure 5c). 

   
(a)               (b)                        (c)   

Figure 5: Example of highest concrete dams. (a) Grand Dixence gravity dam, 
(b) Jinping I arch dam and (c) Roselnad buttress dam 

CONSTRUCTION METHOD 
Construction of high dam is a complex process. During the construction of any type of high 

dams steps listed below are generally followed: 

 In any type of dam before construction, the first step in to divert the water in the 
streambed from flowing through the site. In case of fill dams, a coffer dams 
(temporary structure to impound the water) must be built or the water must be 
diverted into another channel or area downstream from the dam site. For large 
projects, this construction may be done several seasons before building of the dam 
begins.  

 Before the placement of concrete at any concrete dam, foundation area must be 
cleaned, whereas for fill dams, this consists of detailed process of excavating, 
cleaning and repairing of the rock throughout the foundation and on both abutments. 
If the rock in the foundation or abutments is prone to fracturing some special 
treatment should be done and it may be necessary to install extensive systems of rock 
bolts or anchor bolts that are grouted into the rock through potential fracture zones. A 
cutoff wall may be excavated into the deep rock or holes may be drilled in the 
foundation for the installation of rebar’s and extend the rebar to the first lift of dam in 
order to form foundation and dam as a single monolith structure. In order to prevent 
the large rock fragment falling into the dam, combined rock bolting and netting 
should be done at abutments. Monitoring instruments for groundwater levels, joint 
movement, potential seepage, slope movements, and seismic activity are installed 
beginning during the early stages of foundation preparation through completion of the 
dam.   

 After completing the second step, steel or work formworks are constructed along the 
edge of each section (concrete dams are constructed in lifts with 1.5m-3m in height 
with 15m in width) and rebar is placed inside the form and tied to any adjacent rebar 
that as previously installed. The concrete is then poured in the specified height and 
width. Construction continues in the similar pattern and dam is raised section by 
section. Some major dams are built in sections called blocks with keys or inter-locks 
that link adjacent blocks as well as structural steel connections. In large concrete 
dams, inspection galleries at various levels with some inlets and outlets tunnels are 
made to observe the overall status of seepage and movement. Further, different 
instruments are located at different places for monitoring temperature of concrete, 
seepage, strain, and stress during the construction. 

 In concrete arch, as the height between the adjacent layer for grouting is raised, 
grouting with cement paste will be done to combine the individual monolith to a 
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single monolith and the first step reservoir filling begin with a highly controlled 
manner in order to evaluate the stress on the dam and its early performance. When the 
dam building process lasts for more than one construction season, a temporary 
spillway should be constructed, lengthy construction is usually done in phases called 
stages, but each stage is fully complete in it and is an operational dam. After this, 
temporary cofferdam should be left in place for minimal discharge and should be 
dismantled as soon as possible. Depending on design, some dams are not filled until 
construction is essentially completed. For CFRDs, after the foundation has been 
prepared, rock fill material is excavated or quarried in dry condition. Weak rock is 
loosened by rippers; hard rock is loosened by blast and then loaded on trucks and 
brought to the embankment. After then rock fill material is compacted to its 
maximum strength with the use of heavy vibratory smooth drum rollers of weight 
about 200kN (frequency 120 to 159kN). Water is added during compaction.  A 
convincing reason for adding water is given for rock with a noticeable potential to 
absorb water 

 As the dam reached it design height, other structures (like powerhouse, instruments 
building and retaining walls, homes for resident operator, side-walks, streetlights, and 
retaining walls) that make the dam operational should be added. Downstream river 
bed protection structures are also completed. 

 The final details of constructions are wrapped up as the dam is put into service. A 
program of operations, routine maintenance, rehabilitation, safety checks, instrument 
monitoring, and detailed observation will continue and is mandated by law as long as 
the dam exists.  

KEY TECHNICAL ISSUE AT CONSTRUCTION 
 OF HIGH DAMS 

In the last two decades, numerous high, ultra-high concrete arch dams and CFRDs have been 
built around the world. With the experienced learned facing key technical issue related while 
constructing these projects, issues that may arises during construction of ultra-dams which are 
under construction can be solved. Especially, China has successfully built a series of high arch 
dam and CFRDs in this era. In this section, key technical issues related to construction of high 
concrete arch dam and CFRDs dams are briefly discussed. 

Concrete dam 
Experienced earned from the similar projects which has already been successfully built and in 

full operating, following issue has to be addressed during the construction of ultra-high concrete 
arch dam in the upcoming projects: 

Foundation exploration and dam base design and foundation treatment  
In arch dam, almost water load is transferred to abutments thus; the tremendous water loads 

carried by ultra- high arch dams (height > 200m) require the foundation and abutments to have 
sufficient bearing capacity, deformation rigidity, sliding stability, and water tightness. Dam base 
topography, geology of foundation are the key issue related to high and ultra- high arch dams, 
thus determination of these issues have to be addressed through extensive dam site geologic 
investigation and dam geometry comparison [8]. Xiluodu, Jinping-1, Xiaowan arch dam are rest 
on complex geological foundation. The extent of rock weathering, the distribution of faults and 
weak discontinuities, the joint set developments, and the mechanical properties of all rock classes 
and discontinuities can be obtained from geological exploration. After then based on these 
properties, a 3D digital geological model of foundation can be developed which enables 
straightforward visual observation of the spatial relation between the dam base, the foundation 
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treating pattern, different rock classes, the faults, and the main joint sets [8].  When the rock 
quality at the foundation where dam sits is not good enough to resists the forces of the dam body 
and thrust, some foundation treatment measure like effective consolidation grouting, concrete 
replacement for weak rock, anchoring and reinforcement of fractured rock near the dam toe, and 
seepage curtain grouting have to be done in order to make foundation integrity and uniformity. 

Dam body shape optimization 
Arch dams are suitable for v-shaped canyon, thrust on the arch dams are transferred to the 

abutments and foundation, thus the shape of arch dam is closely related to the mentioned factors. 
Design considerations for any given shape include sliding stability and earthquake resistance and 
the results depend on the selected optimization method and allowable stress level [8]. With the 
development of computer technology, the mathematical optimization method has been mainly 
employed in high arch dam shape design. Taking the dam volume as an objective function, 
possible alternative of shape of arch type include; a linear parabolic arch, elliptical arch, multi-
centered arch, unified quadratic curve, mixed-curve arch, and so forth, while simultaneously 
meeting the stress criteria. The trial load method is typically used for dam stress analysis, as for 
ultra-high dams, the elastic finite element-equivalent stress method is used to further verify the 
rationality of the dam stress distribution. 

Analysis of dam from sliding and unnecessary movements 
For a long time, the safety criteria of dam design have been focused on the safety factor of 

dam concrete strength and the safety factor for sliding stability of dam abutment. With the 
development of numerical modeling and physical testing technology, a dam overall stability 
analysis that considers the interaction of the dam and the foundation has been widely carried out. 
In addition to the strength safety factor of the dam concrete (K1) and the sliding safety factor of 
the dam abutment (K2), the overall safety factor of the dam and abutment (K3) provides another 
critical component for the safety criteria in designs of high arch dams. The dam concrete strength 
safety factor (K1) refers to the ratio between the design standard strength and  the allowable 
stress whereas the sliding safety factor of the dam abutment (K2) is calculated based on the rigid 
limit equilibrium method and the arch dam overall stability safety factor (K3) refers to the ability 
of the dam and foundation to resist overload as an integral structure against water thrust on the top 
of the other basic load combination [8].   

Seismic Design 
Due to their greater dimensions, 300 m high arch dams have higher seismic responses than 

lower arch dams and thus require stricter control of seismic safety. Specialized researches are also 
required including seismic safety evaluations of engineering sites and seismic safety design of the 
dam [8]. Study of earthquake dynamic reaction, stress-strain analysis, failure mechanism for an 
extra high concrete faced rock-fill dam and working out earthquake-resistant engineering 
measures in the light of actual conditions should be done. 

Temperature control 
Cement hydration is an exothermic reaction which produces heat. Volume of concrete 

placement in ultra- high dam is relatively large. Due to the low crack resistance of the dam 
concrete, large concrete placement spacing, poor weather conditions, and other factors, the 
problems of temperature control and crack prevention during construction were a significant 
challenge for the ultra- high arch dams. In mass concrete structure like concrete dam, internal 
temperature of concrete cannot release due to restraint and surface temperature of concrete cools 
rapidly, this phenomenon creates thermal gap in concrete results in thermal stress. This thermal 
stress finally create crack in concrete. Temperature development in concrete depends upon many 
factors like placement temperature, properties of materials used, construction season, and 
placement time between two individual blocks. In order to reduce this thermal cracking in mass 
concrete, different temperature control should be adopted. Generally in practice and learning from 
successful temperature control of mass concrete of high dam at Xiluodu, Jinping-1 and Xiaowan 
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dam, different temperature controls measures are adopted. Precooling of aggregates by ice mixing 
with water, post cooling of concrete, limiting the placement of concrete at day time at summer 
season and placing the concrete at night time, optimization of placing frequency, during winter 
season placement of concrete surface insulation with 4-5 mm thick foam board should be added at 
surface to reduce the effect of sudden drop of concrete temperature to avoid thermal crack.  

Concrete Faced -Rock-fill dam 
Slope Stability Problems 
According to Cooke and Sherard [9-12], design of CFRDs to be empirical and he maintains 

that the upstream and downstream dam slopes shall be both 1:1.3. Many CFRDs around 200m 
before last two decades were designed and constructed using empirical approach. According to 
the available literatures and experienced from the construction of 200m high CFRDs, the slope of 
1:1.3 or 1:1.4 is acceptable when the rock material with medium strength is used. Slope stability 
alone cannot determine the feasibility of 300m high CRFDs but the stress level of rock fills 
increases with the increase in height. Thus, according to [13] the rational strength indices and 
suitable analysis method should be employed for stability analysis for ultra- high CFRDs.  

Rock fill zoning and face slab design 
The principle for zoning of CFRD body is to use local practicable materials and only the 

insufficient part of dam filling materials to be excavated from a quarry under the premise of   
ensuring engineering safety and economy, and meet the requirements of stability, infiltration flow 
and deformation control [13]. The zoning should be divided based on material source and the 
requirements such as strength of dam filling material, permeability, compressibility, expedient 
construction  and reasonable economic efficiency and formulate corresponding filling criteria for 
the dam.  

In general, the stress status of concrete face slab relies on the upstream rock fill, thus for high 
CFRDs, zoning of rock fill should be adjusted to adapt the deformation feature of high dam. The 
incremental displacement of upstream rock fill is the most significant factor that possess direct 
impact on the stress of concrete face slab, thus arrangement of good quality rock fill in such area 
will help to improve the rock fill zoning. Besides, the deformation time history of the rock fill in 
different part and the breakage of the high stress level area will also be taken into consideration.   

 Design of joint between concrete face slab and water-stop  
Both the deformation of the rock fill and upstream water pressure are directly related to the 

height of the dam. Stress on concrete slab will relatively large after the impoundment of reservoir. 
In order to improve to the stress status of concrete face slab, vertical and horizontal joints, 
especially filled with compressive materials are provided during construction of high CFRD. The 
joint water-stop system is also the most important part for leakage control. From the engineering 
practices of the recent high dam construction, the present water-stop structure and water-stop 
material are able to withstand joint movement of high dams around 200m height and in future 
with the development of high CFRDs, study have to be conducted whether this system can fulfill 
the deformation adaptability or not [13]. 

Timing of concrete slab construction 
According to the available literature, a pre-settlement measure were taken in order to avoid 

the peak of rock fill settlement development so that the deformation of the rock fill would not 
cause structural crack on the concrete face slab after its construction [14]. A period of 6 month is 
generally arranged for pre-settlement before face slab construction and in general practice 
construction of face slab commenced after the settlement rate of 5mm per month and the top 
elevation of first-stage face slab was 20m lower than that of rock fill body.  

Study on properties of rock fill material  
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Different tests have to be carried out in order to know the engineering properties of rock fill 
materials to improve the design of CFRD. Measurement of dilation of high density samples, tri-
axial test to evaluate the effect of reduced particle size are usually have to conducted. Result 
obtained from the laboratory test may differ with the real situation, thus relationship of the 
laboratory tested properties and site test properties should be established with combination of 
both.   

Construction method and criteria of rock fill compaction 
In order to control the deformation of rock fill and cracking of face slab, sequence of rock fill 

construction and rock fill compaction are very important factors. Further, weight of vibratory 
roller, lift thickness, amount of water added during compaction are the important factors for 
achieving the expected density of CFRD.  In the construction of the recent high CFRD, the 
compaction density of rock fill is not strictly controlled, which has led to the large deformation of 
rock fill and cracks of face slabs. Construction of high CFRDs in china uses vibratory roller of 
weight 25t~30t and in some projects impact compaction method are also used. Stress and 
deformation status of face slab are dependent on the construction sequence, which is proved from 
the experienced gained from construction of 200m high CRFDs [13]. 

FAILURE OF DAMS 
A dam failure is simply an uncontrolled release of water from a reservoir through a barrier 

(hydroelectric dam) as a result of structural failures or deficiencies in the dam. Dam failures can 
range from fairly minor to catastrophic event with dangerous consequences to the downstream 
area and the surrounding environment. This catastrophic event can causes massive damage to 
property, ecosystems and can result in fatalities. Throughout history, a large number of dam 
failures have caused immense property damage when floodwaters destroy infrastructure. Along 
with this, dam failures over the years have taken thousands of lives.  

Dam failures are comparatively rare, but can cause immense damage and loss of life when 
they occur. There are lots of causes that dam can fail. Gleno Dam fail due to poor quality of 
construction material and design techniques, South Fork Dam fail due to design error of spillway, 
Malpasset Dam fail due geological instability caused by changes to water levels during filling or 
poor surveying, Lawn Lake Dam and Val di Stava Dam collapse due to poor maintenance of 
outlet pipes, Shakidor Dam fails due to extreme inflow, Buffalo Creek Flood, Dale Dike 
Reservoir, Taum Sauk pumped storage plant fails due to human and computer design error, 
whereas Teton Dam fails due to internal erosion and Zipingpu Concrete Face Rock fill Dam,2008 
due to natural disaster “earthquake”.  Categories of dam failure causes are shown in Table 3. 
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Table 3: Categories of dam failure causes [15] 

 
No 

 
Causes 

1 
Overtopping 
 insufficient spillway capacity 
 extreme flood exceeding design criteria 

 

2 

Quality Problems 
 piping in dam body 
 sliding  of dam body 
 piping in foundation 
 piping around spillway 
 quality issues in spillway 
 piping around culvert and other embedded structures 
 quality issues in culvert and other embedded structures 

 

3 

Poor Management  
 decrease of reservoir capacity for flood control due to over storage prior to flood season 
 poor maintenance and operation  
 temporary heightening of spillway crest not removed in time 
 organization issue: nobody responsible for dam management 

 

4 

Disasters 
 earthquake 
 war and terrorist attack 
 breaching of upstream dam 
 rodent den 

 

5 

Others 
 spillway blockage due to bank slides in reservoir 
 breach due to excavation n dam for discharging 
 Poor planning of general layout of project 

 

6   Unknowns 

Failure of Embankment Dams 
Experiences from the historical failure scenario, almost of embankments dams’ failure are 

closely related to the occurrence of excessive erosion of the embankments materials caused by 
either overtopping or seepage erosion and piping. 

According to Ralston (1987), embankment dams constructed with non-cohesive soils, the 
failure process typically initiates as a result of tractive stresses from the flow removing materials 
from the downstream face while for cohesive soils, breaching takes place by head cutting [16]. 
Singh (1996) pointed the basic erosion mechanism and erosion the failure mechanism is typically 
head cut and advances [17]. A small head cut is typically formed at the downstream slope of the 
dam and then advances upstream until the crest of the dam is breached. For granular 
embankments, surface slips take place quickly due to the seepage existing on the downstream 
slope; and hence granular materials are removed rapidly layer by layer while for cohesive 
embankments, no seepage exists on the slope because of the low permeability.  

Overtopping flow is a component event of many or even most potential failures modes 
resulting from floods. Most dams overtop due to high water levels and heavy rain, and the 
spillway capacity may not be sufficient to safely bypass the flood occurred. Overtopping lf a dam 
is directly related to the Probable Maximum Flood (PMF) flow taken during the design of dam. 
According to the international committee on large dams (ICOLD, 1995), and the work of Foster 
et al. (2000), one –third or more of the total identified failures was caused by dam overtopping 
[18,19]. The analysis of case histories of this cause of dam failure reveals the inadequacy of 
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formerly used hydrological methods to estimate extreme floods and the specifications for the 
selection of the spillway design conditions. Recently the advances on hydrology and on climatic 
processes have allowed obtaining better estimations of extreme flood events with a reduction of 
overtopping occurrence. Hence, hydrological reliable data are essential for dam safety and criteria 
of minimum risk have to be assumed in the evaluation of the design flood [20]. 

Tous dam was a 70 m high rock fill dam with a central clay core located near Valencia, 
Spain, failed due to overtopping. During October 19 and specially 20, 1982, heavy rain with 550 
mm with 285 falling in 3 hours took place in the Jùcar basin close to Tous . About 16 h after 
recognizing the impossibility of overtopping the flood gates, the dam was overtopped and washed 
out after 1 h by erosion of a greater part of the shoulders and of the central rock-fill. Figure 6a 
shows the Tous dam after failure. 

Internal erosion and piping through a dam body or its foundation is one of the most important 
causes of embankments dams’ failure. Piping can occur in the embankment, through the 
foundation and from the embankment into the foundation as a progression of internal erosion 
caused by seepage. According to the (Foster et al., 2000), tendency of piping through the 
embankment is two times higher than piping through the foundation and twenty times higher than 
piping from the embankment into the foundation and it was noticed that half of all piping failures 
through the embankment are associated with the presence of conduits [19]. (Fell et al., 2005) 
gives the different modes of piping associated with conduits are piping into the conduit, along and 
above the conduit or out of the conduit [21]. He says that, erosion advances quite rapidly 
following the path named “pipe” formed after large amount of embankment material is washed 
from seepage and erosion continues until the pipe become unstable or collapse. After the collapse, 
the subsequent erosion proceeds in the same fashion as in the case of overtopping [22]. In general, 
the seepage erosion/piping failure initiates when the erosion/piping resistant forces are smaller 
than the erosion/piping driving forces, resulting in the removal of soil particles through large 
voids or existing discontinuities in soil.  

Teton Dam, a 93 m (305 ft.) high with a crest length of 975 m (3200 ft) earth fill dam across 
the Teton River in Madison County, southeast Idaho, failed completely during first filling on June 
5, 1976. The structure was breached later as a result of internal erosion (Figure 6b), causing the 
loss of 11 lives and extensive flooding in the farmland and towns below the dam [20]. 

  
       (a)                          (b)                      

Figure 6:  Failure of earthen dam. (a) The Tous dam after failure due to overtopping [20] 
and (b) The Teton dam after failure due to internal erosion [20] 

Failure of Concrete Dams 
Comparing to embankment dams, concrete dams mainly fails due to instability or a strength 

defect either in the concrete, weakness in the foundation or abutments and overtopping and 
erosion rather than seepage because concrete dams have larger impermeable portion which is 
much more resistant to seepage than embankment dams. In massive concrete structure like arch 
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dams, thermal stresses can lead to cracks in concrete. Cracking and concrete deterioration can also 
create paths for seepage into the structure or abutments.   

Foundation rock is in contact with the body of the dam, and must be able to withstand the 
heavy load of body without excessive displacement especially in gravity dams, while in arch 
dams, all almost portion of load are transferred to abutments thus geology and the materials used 
at foundation and abutments should have adequate strength. Unwanted movements in the 
foundation and abutments can overstress the concrete dam and with the passage of time, seepage 
will find a path over there resulting weakening the foundation which finally leads to failure of 
concrete dam.  

Strength of concrete plays a vital role in the stability of concrete dam. Structurally weak 
concrete having low initial strength or degraded concrete will be unable to sustain large loads 
which result in dam failure; therefore strength of concrete is a huge concern during construction 
of concrete dam. Further, changes in design loading conditions, improper operation or 
unauthorized modification of spillway results in higher than intended reservoir level and lead to 
instability of a concrete dam.  

Similar to embankments dams, overtopping can also cause a concrete dam failure, which 
comes from the inadequate design of spillway combined with heavy flooding. Spillway capacities 
designed at state level should be paid attentions to the hazard level and PMF of that area. Erosion 
occurs to the supporting foundation and abutments after overtopping which lead to overturning or 
sliding of the structure. The erosion factor is less in concrete than embankment dams during 
overtopping, and in many cases it may not cause complete failure if correctly acted upon timely.  

The massive disaster in the history of concrete dam is Vaiont Dam which was built in 1963 
and located in Italy (an arch dam with 267 m height). The entire mountains slide into the reservoir 
greater than the reservoir volume itself during the test filling of the dam in 1963. This material 
occupied 2 km of reservoir up to a height of about 175 m above reservoir level resulting in a 
overtopping of 101 m high flood wave, which caused a loss of 3,000 lives 

Failure of Concrete Faced-Rock-Fill Dams  
Due to the better performance and lower costs, CFRDs become most popular than rock-fill 

dams with clayed cores. Experienced shows that even though these types of dams are economical 
and reliable, but in most cases cracks in the face slab and cushion layer, separation of the face slab 
and cushion layer, concrete rupture along the vertical joints between face slabs and excessive 
leakage has been occurred during operation and settlements are identified. Major dams have 
experienced significant cracking in the central portion of dam after the first filling. These include 
Mohale in South Africa, Barra Grande and Campos Novos in Brazil, the latest one is the highest 
of its type. According to the past failure scenario of CFRDs, issues and causes of failure in 
CFRDs is listed in Table 4. 

Estimation of rock fill settlements and face slabs deflections is essential on the analysis of a 
CFRD as these are clearly related to stresses on the concrete facing. Further, the behavior of 
concrete face slabs is directly related to the supporting zone and rock fill deformability [24]. 
According to Marquez and Pinto (2005), maximum settlements are usually observed at mid-
height, and the lower third portion of the concrete facing. Reduction of lift thickness in order to 
stiffen the crest, addition of horizontal contraction joint, providing wider space between vertical 
slab joints, addition of an asphalt layer material to partially reduce the friction between slabs and 
rock fill, and an increase of central slab thicknesses by 10cm at the central portion of the facing 
can minimize the potential for cracks in concrete face slabs of CRFDs [25]. 
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Table 4: Causes of failure of CFRDs 

Project  Year Height 
(m) Issue Cause of failure 

Zipingpu 
(China) 2006 156  Earthquake  Earthquake 

 
 
Campos 
Novos 
(Brazil) 2006 202 

 Face slab rupture in the 
middle of vertical joints 
between slabs 17 and 18 

 Gap was found  
between damage zone of 
face slab and cushion 
layer 

 Rock-fill settlement 

Barra 
Grande 
(Brazil) 

2005 185 

 Face slab rupture in the 
middle of vertical joints 
between slabs 19and 20 

 Gap was found  
between damage zone of 
face slab and cushion 
layer 

 High leakage rate 

Tiansheng
qiao-1 
(China) 

2000 178 

 Excessive differential 
settlement between 
upstream and 
downstream rock fill 

 Separation of face slab 
from the cushion layer 
and horizontal crack 
formed on the face slab 

 Face slab rupture 
damaged 

 Incorrect filling 
sequence 

 Excessive 
compression stress 

Aguamilp
a 
(Mexico) 

1995 187 

 Concrete face cracking 
 Horizontal structural 

tensile cracks 
 Curved cracks on face 

slab 

 excessive differential 
settlements  

 insufficient pre-
settlement time for 
the rock fill [23] 

Xingo 
(Brazil) 1994 144  Slab cracking 

 Sharp geometry at the 
left abutment and 
zone 3C material 
deformability 
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CONCLUSIONS 
Over the past decades, numbers of high and ultra-high dams have been built successfully. 

Some high and ultra-high dams (concrete and CFRD) are under construction phase around the 
world.  Combination of practice, study and research learning from past, technical issues related 
during construction has been greatly solved and safe construction ultra-high dams could be 
feasible. The following conclusion has been made based on the present study: 

 Dam over 100m high around the world has been complied into the dataset containing 
more than 400 dams. Classification of these data has been done in several ways to 
understand the different types of dams in respect with height, types, and numerous in each 
country. According to the statistics collected from different countries around the world, it 
has been clear that earthen dams occupy more around 47.7% of total high dams. Among 
them recently CFRDs are increasing due to their advantages in easy construction method, 
they are more economic than other types of dams. Further, the numbers of highest dams 
are in china compared to other countries. China alone occupies 32.96% of total high dams 
around the world. 

 The construction of a dam project is complex and depends on a number of factors such as 
geological condition, country demand and cost effort by nation and environmental 
impact. Different recommendation suggested from previous literatures should be taken in 
account while constructing high dams. Reliable and efficient construction methods 
combined with construction simulation techniques will ease the completion of the project 
in timely manner.  

 In the last five decades a tremendous progress has been made in the development of dam 
design, construction and operation. Due to significantly improved technology as well as 
to the lessons learned by the careful analysis of incidents and failures, the number of dam 
failures has been considerably reduced. Despite the increasing safety of dams due to 
improved engineering knowledge and better construction quality, a full non-risk 
guarantee is not possible and an accident can occur, triggered by natural hazards, human 
actions or just because the dam is losing strength capacity due to its age. Implementation 
of emergency planning and preparedness measures in the downstream valley, early 
warning system, rescue and relief measures are essential to reduce the risk.  

 As a preliminary study, fundamental information on different types of dams, their 
construction method, technical issues during construction and historical failure cases and 
causes of failure proposed will serve as a valuable reference for practicing engineers, 
developers, and construction manager in high dam engineering. 
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