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Abstract 

To manage China’s growing demands of electricity, more and larger dams could be a part of 

the solution. It is important to evaluate and perform safety analysis for existing dams, in 

order to improve our understanding and knowledge about future dams. In this master thesis, 

a safety research of Longtan Dam on the Hongshui River in China was analysed. The main 

objectives in this research were to construct a 3D model and determine the critical points of 

large stress, strain and yield area in the dam for different cases. 

The factor of safety for sliding when primary loads were acting on the dam was calculated to 

be 0.50 for the non-overflow section of the dam and 0.48 for the overflow section. A safety 

factor against overturning was also calculated for the non-overflow and overflow section to 

2.24 and 1.96 respectively. The results showed that the dam was safe from both sliding and 

overturning. The numerical results for distribution of stress, strain and yield area were 

simulated in 3D models by using ANSYS, a finite element program. Several cases for non-

overflow and overflow sections of Longtan Dam were analysed for different heights and load 

combinations. For the first three cases where only self-weight was applied on the dam, high 

impacts of stress and strain were located at the dam heel, toe and at the largest 

maintenance tunnel of the dam. Appearance of plastic strain was also found around these 

areas. However, when primary loads were applied to the dam sections, the values of stress 

and strain became larger, especially in the toe area. In the last case when the dam was 

subjected to seismic activity, the distribution of stress and strain along the z-direction (along 

the dam) showed an uneven distribution, hence showing the importance of simulation in 3D. 
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Nomenclature and Terminology 

A brief guide for the reader of all symbols, abbreviation, words and expressions. Symbols 

and abbreviations are also described in the thesis at their first appearance. Words and 

expressions of significant importance are often described in there appropriate time. 

Nomenclature 

Name: Symbol: Units: Used in equation: 

Angle of internal friction 𝜑 [ᵒ] (12) 

Area 𝐴 [m2] (7),(8) 

Cohesive strength 𝑐 [Pa] (12) 

Damping ratio ζ - (5),(6) 

Density 𝜌 [kg/m3] (1),(2),(3) 

Factor of safety 𝐹𝑆 - (16),(17) 

Force 𝐹 [N] (1),(7),(8),(16),(18) 

Gravitational acceleration 𝑔 [m/s2] (1),(2),(3) 

Height ℎ [m] (2),(3) 

Length 𝑙 [m] (9),(18) 

Natural frequency ω [Hz] (5),(6) 

Poisons ration ѵ - (10) 

Pressure 𝑃 [kg/(m s2)] (2),(3) 

Shear stress 𝜏 [N/m2] (8),(12) 

Strain 𝜀 - (9),(10),(11) 

Stress 𝜎 [N/m2] (7),(11),(12),(14),(15) 

Thickness     𝑡𝑑   [m] (3) 

Torque 𝑡 [N m] (17),(18) 

Volume 𝑉 [m3] (1) 

Yong’s Modulus 𝐸 [Pa] (11) 
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Terminology 

Aggregate A collection of items/masses forming a quantity. 

Angle of internal friction The angle used to determine yield limit by Mohr Columns. 

Coefficients of expansion Coefficient describing the volumetric changes of a material.  

Cohesive strength The strength between particles of the material. 

Critical points The points at which the risk of failure could occur. 

Damping ratio Describes how the oscillations of a system decay after 
disturbance. 

Downstream The tail water side of the dam. 

Elastic deformation Reversible deformation. 

Elastic modulus/ 
Yong’s modulus 

The relation between stress and strain during elastic motion. 

Exceptional loads Loads with a small chance of occurring but a major impact if 
they occur. 

Extension Extra part at the dam heel to create more stability. 

Finite element Small elements of a construction.  

Finite Element Method 
(FEM) 

Dividing a structure into smaller elements to analyse. 

Flow angle 
Dilation angle 

Controls the volumetric strain during plastic shearing. 

Gravity dam A dam using its own weight to withstand external forces. 

Heel Upstream side of a dam where it meets the foundation 
(might be view as the extension on the upstream side). 

Hydrostatic pressures Pressure from water acting with the same force in all 
directions. 

Internal resistance Forces inside the material counteracting any changes. 

Non-overflow (NOF) Dam type or a part of dam that does not allow any water to 
slip through. 

Overflow (OF) Dam type or a part of dam that has a spillway that allows 
water to overflow. 

Primary loads Loads that has big impact on the dam and always affects it. 

Plastic deformation Irreversible deformation. 

Roller-compacted concrete 
(RCC)  

A concrete mixture that in its unhardened state is compacted 
by a roller or heavy machinery.  

Safety parameters Parameters that affects the safety of an object.  

Secondary loads Loads that has small impacts on the dam and might not have 
a constant effect. 

Strain Measurement of the deformation of a material. 

Stress The resistance of a material from being deformed. 

Tectonic plates The surface of Earth is divided in plates that glide over the 
mantle (inner layer of Earth). 

Toe Downstream side of a dam where it meets the foundation. 

Torque The rotational forces around an axis. 

Upstream The reservoir side of the dam. 
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Yield area An area where a material has reached its yield limit and 
starts to deform irreversible. 

Yield criteria When a material goes from linear deformation to plastic and 
irreversible deformation. 

Yield limit See yield criteria. 

Yield surfaces A boundary condition describing when a material has 
reached its yield limit for different stress combinations. 
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1. Introduction 

Over the past few years China’s economy has rapidly grown. This combined with a 

population of 1.36 billion people has led the country to be the largest consumer and 

producer of energy in the world, with a growing demand of electricity [1]. The rapid increase 

in the electricity demand offers challenges to meet the requirements. Adoptions of energy 

efficiency measures could be a strategy to reduce the demand, but in China where the 

demand for electricity is high, relying on energy efficiency measures may not be sufficient. 

In the current situation the majority of China’s electricity is produced through power plants 

using coal combustion [1]. The consequences of using coal are the large emission of carbon 

dioxide (CO2) and smoke pollution. The large emission of CO2 and smoke pollution has 

become two of China’s biggest problem [2] and many discussions have been held around 

these topics. In order to lower the emissions and ease the dependence of coal, the Chinese 

government has stated a goal to raise non-fossil fuel energy usage to 15% of the energy mix 

by 2020 [1]. The Chinese government hopes that renewable energy could replace some of 

the coal combustion and reduce the usage of coal [1].  

Hydropower is one energy source which has the potential to compensate a reduction in coal 

usage. In China, hydropower is the second largest source of electricity power after coal [3]. 

China believes that hydropower is the most effective renewable energy source to reduce the 

coal usage and in the same time satisfy the energy demand [1]. Compared to other 

renewable energy sources such as wind and solar power, hydropower has a larger capacity 

to generate electricity power and is more cost-effective [4]. Therefore, the development of 

hydropower and dams are one of the top priorities in the energy sector of China. 

In China there are more than 87.000 dams and it is the country with the largest number of 

dams in the world and many more are planned to be built [5]. However, the increasing 

number of dams results in a need for evaluating safety parameters, such as the quality of the 

materials, stability of the dam body and dam foundation. The dam type is also very 

important regarding the dam safety, depending on its shape and characteristics. Valuable 

information about the material, stability and dam type could be obtained before a 

construction of a dam begins, through analysis and simulations. Therefore, it is necessary to 

perform researches about the dam’s structure and stability in order to avoid the possibility 

for dam failure. 
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1.1. Purpose 

The purpose in this thesis is to research how the stability of a high concrete gravity dam will 

change, during the construction process and when additional stress from hydrostatic 

pressures and seismic activity affects the completed dam. The targeted object is the Longtan 

Dam which is one of China’s largest roller-compacted concrete (RCC) gravity dams. The 

analysis was performed by a finite element software in order to find the critical points in the 

dam. The analysis will be carried out through three dimensional (3D) models divided into 

two parts, since the dam consists of two types of dam sections, called non-overflow and 

overflow, both sections are investigated separately. The problem description of the project 

can be formulated as: 

1. What is the dam’s factor of safety (sliding and overturning) during primary loads? 

2. How does the distribution of strain, stress and yield area changes during different 

construction heights of the dam? 

3. Where are the critical points of strain, stress and yield area when the dam is affected 

by additional stress from hydrostatic loads and seismic activity? 

1.2. Limitations 

The model of the Longtan Dam is built as simplified 3D sections of the actual dam and can be 

used for estimations. In the actual dam there exists more structures such as tunnels, 

spillways, buildings and turbine inlets, but it would require a lot of time to create them all 

and the biggest limitation of project was the limited amount of time. 

The structures that were built in this model are the base construction of the gravity dam 

including one maintenance tunnel. The material properties for the dam model have also 

been limited. In reality the dam and the foundation consists a various number of material 

layers, with different material properties. In this project, the rock foundation was 

approximated to consist only of one layer and same approximation was made for the 

material in the dam. The dam in this thesis will only be affected by primary loads consisting 

of self-weight, internal hydrostatic pressure, water pressures from the reservoir and the tail 

water. Also the dam will be subject to an exceptional load in the form of seismic activity. In 

reality all forces such as thermal loads, wave- , ice- , wind- , silt- and earth pressures will also 

have an effect on the dam, but these forces are not as large as the primary loads and seismic 

load and will therefore not be considered. 
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2. Background 

This chapter will give a brief description of Longtan Dam, dam failures and the energy usage 

in China. Also similar researches about dams and Longtan Dam are presented.  

2.1. Energy Usage in China 

The demand of energy in China increases every year, one of the reasons is their rapidly 

growing economy. The rapid growth has made the country to be the largest energy user and 

producer in the world [1]. The growth of energy could be observed by looking at the 

country’s total electricity generation in Figure 1.The expansion of electricity in 21th century 

is due to the industrial growth. The net electricity generation was approximated to be 5.126 

Terawatt hours (TWh) in 2013 [1]. 

 

Figure 1: China’s net electricy generation by fuel type (2000-2013) in terawatthours [1] 

In China the majority of generated electricity comes from coal which stands for 63% of 

China’s total installed electricity mix (see Figure 2). With such a high usage of coal, the 

emissions of CO2 and air pollution have become two major problems in China. In 2012 

China’s carbon emission was 8.5 Giga ton CO2 which corresponds to 25% of the global 

carbon emissions[6].However, one fourth of China’s carbon emissions are caused by 

manufacturing products that are consumed abroad and the emission per capita are still 

lower compared to other countries in North America and Europe [6]. In order to reduce the 

emissions and the dependence on coal, the Chinese government has set a target to raise 

non-fossil fuel energy usage to one fifth of the energy mix by 2030 [1]. The government have 

also started to close small inefficient coal power plants (power plants with an installed 

electricity capacity of 100 MW or less) and develop the larger coal plants (installed electricity 
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of more than 100 MW) to be more efficient [1]. Nevertheless, coal will still be a dominant 

fuel in the coming years because of China’s large reserves [1]. 

Hydroelectricity is China’s largest renewable energy source and contributed with 22% of the 

total electricity mix in 2013 (see Figure 2). According to the 12th Five-year Plan of Renewable 

Energy Resources (China’s strategy plan for energy development), hydropower will be the 

most prioritized source of renewable energy with a set target to install 350 GW 

hydroelectricity at end of 2020 [1]. If this plan is going to be realised, China would then have 

to exploit 71% of its available realistic hydroelectric potential [7]. Most of China’s 

hydropower stations are located in central and south-western part, where two third of the 

country’s untapped hydro capacity is located. 

 

Figure 2: China’s installed electricity capacity share by fuel, end 2013 [1] 

2.2. Large Dams 

In China a dam with hydropower plant of an installed electricity capacity of 50 MW or less is 

considered to be a small dam [8]. Large dams along with hydropower plants are mostly built 

in countries with a rapidly growing population and a fast growing economy (leading to higher 

demand of energy) [7]. However, whether large dams with a hydropower plant are 

considered to be environmental sustainable or not is debatable [9]. If an energy resource is 

sustainable, the resource should not contribute any destruction to the environment and can 

be used over and over again without danger of getting depleted [9]. Although, it has been 

observed that there are both positive and negative effects for hydropower plants using large 

dams when it comes to sustainability. Some positive effects with large dams except 

functioning as energy storage for hydropower are to provide flood control, prevent 

irrigation, creation of water supply and recreations. The negative impacts which may occur 
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are the endangerment of fish species, possibility of water contamination and destruction in 

the ecosystems and agriculture. Thus, some of these negative impacts have been reduce 

through research and development. For example building fish ladder, fish passages and fish 

screens to help the fishes avoid swimming into turbines and by creating flow schedules for 

the hydropower plants, ensures that there is enough water in river to support the native 

species. Resettlement and safety aspects are also some impacts that must be handled 

carefully. 

2.3. Longtan Dam 

Longtan Dam (seen in Figure 3) is a large RCC gravity dam on the Hongshui River in China. 

The dam has a height of 216.5 m and a length of 850 m with a dam-body concrete volume of 

7.67 million m3 [10]. The construction of the dam started in 2001 and was completed in 

2009, as a part of the Great Western Development Plan, which is a policy adopted for the 

western regions of China. The policy is all about different strategies of development of 

infrastructure in the western China. The purpose of building the Longtan Dam was to 

produce electricity in resource-rich west China and send electricity to economically 

developed east China [11]. The dam has an underground room with nine hydroelectric 

generating units. Each unit with an installed capacity of 700 MW which is equal to 6300 MW 

of total installed capacity. The annual generation of electricity is estimated to 18.7 TWh [12]. 

 

Figure 3: Longtan Dam [13] 

2.4. Dam failures 

Dams have been built with the intention to improve human quality of life by diverting water 

for power, irrigation, navigation and flood control. Unfortunately, dams have also a potential 

to cause immense property and environmental damage and even loss of life if dam failure 

occurs. During a dam fail, areas below the dam are often inundated by floods, tsunamis and 

mudflows. These incidents will most likely cause fatalities and destruction of buildings due to 

the huge power of the flood wave that would be released by the sudden collapsed of a large 

dam. However, dam failures are quite rare especially for large dams [14]. 
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The biggest dam failure in China was the Banqiao Dam in 1975 which is also classified as the 

world’s worst dam failure in history [15]. The collapse of the dam was because of the heavy 

rainfall by the typhoon Nina, the poor engineering and design of the dam [15]. Prediction of 

the weather forecast at that time was not great and lack of early warning system combined 

with an evacuation plan could have saved many lives [15]. The dam disaster has claimed 

many thousand lives and millions of people lost their homes [15]. The incident showed the 

importance of dam safety for China and the world. 

The most common dam failure in generally are: overtopping, foundation defects, piping and 

seepage [16]. Overtopping occurs when the level in the reservoir exceeds the capacity or 

height of the dam, which often happens by flash floods, heavy rainfalls and landslide in the 

reservoir. If overtopping continues in a long period, erosion will start to form and the dam’s 

body will slowly break and collapse. Foundation defects usually occur because of poor 

engineering [16]. A common problem is the dam weight is not properly taken into account in 

the calculations. Poor calculations of the dam could lead to crack formations in the 

foundation and create an uncontrolled uplift pressure. Piping and seepage happens when 

water seeps or leaks through the structure which can cause internal erosion and lead to a 

collapse of the dam. The effect when the dam’s structure becomes weakened and form 

internal erosion is referred to as piping. This phenomenon usually occurs along hydraulic 

structures, spillways, conduits or cracks [16]. 

2.5. Earthquake in China 

Earthquakes are often caused by the movement of the tectonic plates. China is located in 

the south-east corner of the Eurasia continent, wedged between the Indian plate in the 

south and the Philippine plate in the east. 

 

Figure 4: The tectonic plates around China. [15] 
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Figure 4, shows the surrounding tectonic plates around China. The location of surrounding 

plates around the country creates high pressures in land faults (cracks in the earth) making 

earthquakes to be one of the main natural disasters affecting China. The magnitude, 

frequencies and associated fatality of earthquakes in China are amongst the highest in the 

world [18]. Since the year 320 BC around 60 destructive earthquakes with a magnitude over 

7 on the Richter scale has been recorded in China [18]. Where more than a dozen has 

occurred the last century, costing hundreds of thousands lives [18]. 

 

Figure 5: Earthquake epicentre distribution of China (2300B.C.–2000A.D., Richter scale M C 5) [18]  

The epicentre and magnitude of earthquakes in China, compared with the land faults in the 

country is presented as red circles for epicentre and dark lines for land faults in Figure 5. Due 

to the huge frequent appearance and devastations of earthquakes, it has become one of the 

most important factors to take in consideration while planning major projects in China [18]. 

2.6. Similar Works 

Similar research of dam safety has been made earlier. One research made an analysis of dam 

failures of the Longtan Dam by performing a stability analysis and a stress analysis [19]. The 

analysis in the research was carried out with help of a two-dimensional model of the dam 

which was created in software called UDEC. The research was divided into two parts, a 

simulation of the dam in static conditions and a simulation of the dam in dynamic conditions. 

In the static analysis, only the primary loads (hydrostatic pressures and self-weight) were 

applied in the model. In the dynamic analysis, seismic activity was added with the primary 

loads. To determine whether the dam was safe from any dam failure, the factor of safety for 

overturning and sliding were calculated. The numerical results from the research showed 
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that the critical area, where stress and strain had the highest values around the dam heel 

and toe [19]. The results from the research also showed that the dam was safe from 

overturning and sliding during static conditions. When the seismic activity during the 

dynamic condition had amplitude of 0.4m/s2, the dam would fail for sliding [19]. However, 

the dam could avoid sliding, if the water in the reservoir were to be lowered during the 

seismic activity. Although, when the seismic amplitude was exceeding 2.0 m/s2 sliding could 

no longer be avoided by lowering the water level in reservoir [19].  

Another analysis of a concrete dam has been done [20]. In this study the researchers were 

investigating how the strength and stability of a three-dimensional arch dam would behave if 

it was subjected to pressure from the reservoir, uplift and pore pressure (water pressed in to 

voids and cracks). The main objective in the study was to show the importance of having the 

pore pressure and uplift pressure applied in the dam model. Simulated with help of a finite 

element software, the numerical results showed that there were a significant difference 

between having uplift and pore pressure applied compare to not having it in the model [20]. 

The results also show that the heel was exposed to the highest degree of stress when uplift 

and pore pressures were applied [20]. However, the analysis did not consider any tail water 

pressure.  

A numerical simulation of Longtan Dam has been obtained with finite element software [21]. 

The purpose of the research was to study the progressive failure of dam. The study of the 

progressive failure was carried out by using two methods called the Safety Reserve Factor 

method and the Overload method. The Safety Reserve Factor method was a tool that used 

to study the sliding failure of the dam. The Overload method was a tool to visualise the 

deformation of the dam structure combined with applied external pressures. The researcher 

in this study also used two methods to describe the yield criteria for plasticity of the material 

for the dam body and foundation. For the dam body, the Buyukozturk criterion was used and 

for the foundation, the Drucker-Prager criterion was used. The numerical results from the 

research presented that dam would fail to sliding when the value Safety Reserve Factor was 

too high [21]. According to the research the sliding failure would first occur around the dam 

heel and then starts to appear around the toe when the value of Safety Reserve Factor 

became too high [21].  
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3. Theory 

The theory chapter is meant to give an insight of the concepts treated in this thesis. Different 

types of dams, loads and forces acting are described. Along with common and uncommon 

structural variables, giving the reader sufficient knowledge to understand the yield criteria’s 

used by the software to analyse the stability of the dam. The focus will be on concrete 

gravity dams, since it is the main theme of this thesis. 

3.1. Dams 

There are two general designs of dams. One type is called non-overflow (NOF) dam. A NOF 

dam is designed in such way that water is not allowed to overflow its crest. For this purpose, 

the top of dam is kept at a higher elevation than the maximum water level in the reservoir. 

The main function of a NOF dam is to store water for drinking water supply, irrigation or 

generate power [22]. NOF dam have also spillways, but its use is restricted for emergencies 

to lower the water level quickly during floods etc. The other design of a dam is called 

overflow (OF) dam. An OF dam is designed with a crest to permit overflow of surplus water 

that cannot be retained in the reservoir. An OF dam is made for similar purposes as an NOF 

dam but with different ways to regulate the water level. The regulation of the water level is 

performed by a series of sluice gates, spillways or outlet tunnels. OF dams are often divided 

in OF part and NOF parts, where the OF part is meant to control the water level and the NOF 

is just to block in the water. Longtan dam has both one OF and NOF section. 

Beside the different designs of dams, dams are commonly separated in Embankment dams 

and Concrete dams, depending on which material is being used. Embankment dams are 

constructed of materials such as rocks and earth. Compacting successive, using the more 

dense materials in its core and the more permeable materials on the upstream and 

downstream (see Figure 6). Using crushed stones at its outer shell to protect from erosions 

and solid spillways to prevent washout [24]. 

 

Figure 6: Schematic cross section of an Embankment dam. 

Concrete dams are divided in three major groups: buttress, arch and gravity dams. The 

differences between the groups are mainly their designs. All of the three groups are made of 

different types of concrete depending on their purpose. 
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3.1.1. Buttress Dams 

Buttress dams could be curved or straight dams. They are triangular concrete walls, made of 

a tight surface blocking the water, supported by a series of buttress (pillars). Part of the 

water pressure is transferred down, due to the triangular shape [24]. This with the gravity 

pushes the dam into the foundation, creating stability. The supporting buttresses are instead 

of having a solid core, which lowers the amount of material needed for the dam. 

3.1.2. Arch Dams 

Arch dams are curved with its arch towards the upstream side. The arch design creates a 

transfer of the acting forces through the dam towards its abutments. This phenomenal 

makes arch dams good for narrow valleys with strong flanks [24]. The transfer and usage of 

surrounding flanks lowers the material that would have been needed to withstand the water 

pressures normally. 

3.1.3. Gravity Dams 

Gravity dams rely on its own weight to withstand the massive forces acting on it. Because of 

this it is important that the dam is built on a solid foundation [24].The dams are rather 

simple in designs, usually a vertical wall blocking rivers in a valley or narrow gorge [25]. The 

basic layout of a gravity dam is just a triangular section with reinforced top to provide a 

roadway over the dam. The dam could be reinforced with an extension at the heel, adding 

more stability to the dam (see Figure 7 a and b). The increasing width of the dam towards the 

base is to counteract the increasing pressure of the reservoir water (see Eq.(2) or Figure 7 (a). 

The simple design of gravity dams are one advantage but a major drawback is the amount of 

material required to build it [25]. 

 

Figure 7 Gravity dams (a) Triangular basic layout, to withstand water pressures from the reservoir (b) Modified top to 
provide roads and extension at the heel to create more stability. 

Gravity dams are often designed with appropriate sluice-gates shown in Figure 8, to usually 

deal with excess flood water caused by external conditions such as earthquake, monsoon 

etc. Water glides over the crest and down towards an energy dissipating structure that helps 

disperse the energy of flowing water and prevent erosion of the river bed [26]. 
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Figure 8: Water flow over a spillway to an energy dissipation arrangement 

Construction of a Gravity Dam 

Before construction can begin of any dam, a building zone for the dam must be created. In 

order to create the building zone the water in the streambed must be blocked or diverted 

from flowing through the site. A commonly method is to create small channels or tunnels 

which direct the water around the construction zone of the dam. 

When all the water has vanished from the construction zone, the foundation must be 

prepared before the construction of the dam. In some building sites, it may be necessary to 

build extensive systems of rock bolts or anchor bolts that are grouted into the rock due to 

the potential of fracturing in the rock foundation [23]. In the early stages of foundation 

preparation, equipment to monitor groundwater levels, joint movement, potential seepage, 

slope movements and seismic activity are installed [23]. 

After the foundation has been laid, molds of the dam are created. The molds are made of 

wood or steel and are placed along the edges of small section of the dam. Before pouring 

concrete in the forms, a bundle of reinforcing bars is being placed inside the forms to 

reinforce the concrete. The pouring of the concrete continuous until each section of the dam 

has been filled and a new mold will be created. In this way the dam is slowly being raised 

section by section until the dam has reached the desired height. 

When the dam has reached a certain height, the process of filling the reservoir may begin. 

During the filling process, the dam’s early performance is being observed and evaluations of 

stresses are made. For the sake of safety, a temporary emergency sluice-gate is constructed. 

The main focus of the process is to observe and reinforce the down- and upstream side of 

the dam. Furthermore, erosion protection on the upstream side of the dam is applied and 

other structures that make the dam operational are added. 

Finally, when the powerhouse, roads, homes for resident operators and etc. are finished, 

initial test of all building of the dam are performed. When every construction and 
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instrument has been approved, a program of operations, routine maintenance, safety 

checks, rehabilitation and detailed observation will be made and will continue as long as the 

dam exists. 

3.2. Rolling Compacted Concrete (RCC) 

Rolling compacted concrete (RCC) is concrete that in its unhardened state could support a 

roller while being compacted. The concrete could be made up of different mixtures primarily 

depending on; the quality of materials used, the cementations content, degree of 

compaction and control exercised [27]. By compacting the concrete the shear strength of 

cement is raised which makes it possible to use less material in the cross section area, giving 

results in savings of time and money [27]. 

3.3. Forces and Loads 

The knowledge of forces and loads acting on a dam is one of the top priorities to avoid 

disasters from occurring. By recognizing the importance and influence of loads, they could 

be divided as primary, secondary and exceptional loads. In a correct safety analysis of a dam 

all kinds of combinations of forces should be taken in consideration in appropriate ways for 

the dam. Illustrations of the forces described in this chapter are showed in Figure 9 below. 

 

Figure 9: The forces affecting a dam, in direction and declining magnitude: 1. Self-weight, 2. water pressure from the 
reservoir, 3. water pressure from the tail water, 4. uplift, 5. sand and silt, 6. ice or wave pressure. Temperature affection and 

earthquake are not demonstrated in this picture. 
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3.3.1. Primary Loads 

Primary loads are recognized as major loads acting on the dam with minor changes over 

time. These are the most common forces taken in consideration in a safety analysis. 

Self-Weight 

The self-weight is considered to be a static force consisting of weights from the dam and 

associated constructions affected by gravity. Self-weight 𝐹𝑆𝑊 [N] is calculated through: 

 
𝐹𝑆𝑊 = 𝑉 ∗ 𝜌𝑐 ∗ 𝑔 + ∑ 𝐹𝑒𝑥 (1) 

Where 𝑉 [m3] is the volume of the concrete in the dam, 𝜌𝑐  [kg/m3] is the density of concrete, 

𝑔 = 9.8  [m/s2] is the gravitational acceleration and 𝐹𝑒𝑥 [N] is the external self-weight from 

associated buildings, estimated or calculated with similar equation. When calculating the 

volume of the dam, deductions from voids in the dam created of matiness halls etc. are not 

necessary and could be considered part of the concrete, unless they are being a major part 

of the dam volume [28]. 

Water Pressure from the Reservoir  

The water pressure from the reservoir 𝑃𝑊𝑟 (Y) [kg/(m*s2)] at a height Y [m] from the 

reservoir bottom, is created by the upstream water pressing towards the dam and are 

calculated by: 

 𝑃𝑊𝑟(𝑌) = 𝜌𝑤 ∗ 𝑔 ∗ (ℎ𝑟 − 𝑌) (2) 

Where 𝜌𝑤 [kg/m3] is the density of water and ℎ𝑟 [m] is the height of the reservoir water. The 

total pressure could be considered as a sum of the pressures in different heights (Y), acting 

at a height ℎ𝑟/3 from the bottom. If the surface on the dam is not completely flat but have 

an extension at the bottom, showed in Figure 7 (b).The water pressure will not only press the 

dam in horizontal direction but also down into the ground, using Eq. (2) for calculating the 

pressure. 

Water Pressure from the Tail Water  

The water that has passed through the dam to the downstream side creates a pressure 

called tail water pressure, which acts in opposite direction from the reservoir. The water 

pressure from the tail water 𝑃𝑊𝑡(𝑌) [kg/s2] at height Y can be calculated using the same 

equation as for the water pressure from the reservoir (Eq.(2)), but with the height of the tail 

water ℎ𝑡 [m] instead of reservoir water. 

Internal Hydrostatic Pressure (uplift) 

Internal hydrostatic pressure 𝑃𝑊(𝑋) [kg/s2] in a point X [m] from the dam toe (the point at 

the bottom where the reservoir water meets the dam), is created from water penetrating 

the dam and soil beneath it, due to pressure difference between the reservoir and tail water. 
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Water slipping in to the concrete body of a dam is taken care of by drains and waterproof 

areas in the dam wall. The penetrating water beneath the dam is creating an uplifting force 

along the foundation of the dam [28]. The uplift pressure from beneath the dam could be 

calculated with: 

 
𝑃𝑊(𝑋) = 𝜌𝑤 ∗ 𝑔 ∗ (ℎ𝑡 +

𝑡𝑑 − 𝑋

𝑡𝑑
∗ (ℎ𝑟 − ℎ𝑡)) 

(3) 

Where 𝑡𝑑 [m] is the thickness of the dam (see Figure 10 for the directions of distances and 

forces). Uplift could be reduced by installing foundation drains. The effectiveness of the 

drainage system will depend on depth, size and spacing of the drains as well the character of 

the foundation and facility which the drains can be maintained.  

The hydrostatic pressure, water pressure from tail, reservoir and uplift is showed in a cut 

plane at Figure 10 together with directions of the distances needed to calculate them. 

 

Figure 10: 2D schematics of the distance needed to calculate the hydrostatic loads acting on a dam. 

3.3.2. Secondary Loads 

Secondary loads are minor loads on the dam compared to primary loads. Some of the 

secondary loads are seasonal, which might only occur under certain conditions. Due to their 

minor impact and seasonal dependence, secondary loads are many time negligible. The most 

common secondary loads are described here. 

Sand and Silt Pressures 

Sand and silt impacts are caused by sediments that go with the water to the reservoir. 

Material is building up when water cannot flow freely, due to the build-up the height of 

reservoir water (ℎ𝑟) is shrinking as well as the capacity of the dam. The shrinking water level 
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is decreasing the water pressure from the reservoir (𝑃𝑊𝑟) which is replaced by the sand and 

silt pressure 𝑃𝑆𝑟  [kg/s2]. The impacts of sand and silt should be determined by hydro graphic 

surveys, to establish the build-up and composition of the material [28]. Sand and silt 

pressures should not be considered during earth quakes since they could be seen as 

liquefied and part of the hydrostatic pressure unless analysis says otherwise [28]. 

Ice 

Ice pressure is due to thermal expansions of ice and by wind drag. The thermal expansion is 

dependent on the temperature changes, thickness, strength, coefficients of expansions and 

the elastic modulus of the ice [28]. Wind drag depends on the shape, size, roughness of the 

exposed surface area and the wind velocity. 

Temperature and Aggregate Reactivity 

Temperature does not only affect the contexture of ice, the temperature difference or alkali 

(a chemical base dissolved in water) and aggregate reactivity can cause volumetric changes 

that could cause expansion or contraction in the dam [28]. Expansion leads the dam to 

wedge itself into the walls more tightly and thus increasing its stability, while contraction 

does the opposite. The benefits of expansions are hard to qualify and simulate in 3D models 

and are therefore often neglected, while the drawbacks of contractions should be in 

considerations if they are considered having an impact [28]. 

Wave Pressure 

Waves created on the surface of the reservoir due to blowing winds, exerting pressure on 

the dam are normally neglected because of relatively small impacts. Waves created of 

seismic activity as a secondary load are much larger and might be taken in consideration. 

3.3.3. Exceptional Loads 

Exceptional loads are loads that have a low probability of occurring, but might have a major 

impact on the dam when they occur. In this thesis only seismic activity are considered as an 

exceptional load. Other exceptional loads could be due to different natural hazards or the 

combination of different secondary loads acting at the same time. 

Seismic Activity 

When rocks suddenly break along a land fault, energy is released, creating seismic activity in 

the form of waves. These waves are divided in to body waves and surface waves. Body 

waves are the first waves to reach the surface and are of higher frequency than surface 

waves. They are separated as P waves (primary wave or compressional waves) and S waves 

(secondary wave). P waves can move through solid rock and fluids by push and pull the 

material it moves through, like a sound wave does. People usually only feel the bump and 

rattle of P waves while animals could sometimes hear the wave [29]. S waves are slower 
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than P waves and only move through solid rock, they move rock particles up and down or 

side to side perpendicular to the direction of the wave. 

Surface waves only moves through the crust with lower frequency than body wave, they are 

almost entirely responsible for the damage and destruction made by earthquakes [29]. 

Surface waves are divided as Love waves and Rayleigh waves, where Love waves are the first 

surface wave to arrive. Love waves moves the ground from side to side and only produce 

horizontal motion while Rayleigh waves are the last type of wave arrive which can be much 

larger than the other types of waves. They are responsible for the most of the shaking felt 

during an earthquake and rolls along the ground like a wave rolls across water [29]. Because 

of the rolling motion of the wave, it moves the ground up and down simultaneously as it 

moves side to side in the direction of the wave. The movement pattern of body and surface 

waves are illustrated in Figure 11. 

 

Figure 11: The different direction and movement pattern seismic waves have [30]. 

 

Damping during Earthquake 

Damping is an effect that reduces, restricts or prevents a material or a mechanical system to 

oscillate when the system is under cyclic stress (stress that changes over time). The effect is 

produced by dissipating the energy stored in the oscillation. The energy loss from the 

oscillation occurs due to friction between the oscillating body and the particles in the air. In 

this thesis, this phenomenal appears when the dam is exposed to seismic activity.  
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The damping for any structural model can be described with Rayleigh damping. Rayleigh 

damping is expressed as: 

 [𝐶] = 𝑎[𝑊] + 𝑏[𝐾] (4) 

   

Where [𝐶] is the damping matrix of the physical system, [𝑊] is the mass matrix of the 

physical system and [𝐾] is the stiffness matrix of the physical system. The letters a and b are 

damping constants. In structural analysis, stiffness is a measurement which describes the 

rigidity of an object (the extent to resist deformation in response to applied force). The 

damping constants a and b are two constants that are very hard to calculate and obtain 

since there is no a straightforward solution to determine these constants. The damping 

constants a and b for a structural model could be calculated by reducing and simplifying the 

Eq. (4) with help of symmetry condition [31]. The constants may then be calculated by 

following equations: 

 
𝑏 =

2𝜁1𝜔1 − 2𝜁𝑚𝜔𝑚

𝜔1
2 − 𝜔𝑚

2
 

(5) 

 𝑎 = 2𝜁1𝜔1 −  𝑏𝜔1
2 (6) 

Where 𝜁1is the damping ratio for the first mode of the system, 𝜁𝑚  is damping ratio for the 

mth significant mode. The symbols 𝜔1and 𝜔𝑚 are natural frequency for the first mode 

respectively the mth significant mode. The damping ratio, ζ is a dimensionless measurement 

which describes how oscillations in a system decay after a disturbance. The mode or the mth 

mode is a value of a natural frequency within a specific natural frequency range. 

The natural frequency range is obtained by performing an analysis called Modal Analysis. For 

structures having large degrees of freedom, only the first few modes will contribute to a 

dynamic behaviour [31]. According to Chowdhury et al, the number of modes is usually 

defined to be around 3 at the minimum and about 25 modes at the maximum. 

3.4. Structural and Physical Variables 

In order to understand the calculations and researches some basic parameters are described 

for the structure of the dam. 

3.4.1. Stress 

Stress is the internal resistance or counterforce that materials have to withstand external 

forces that will compress the material. The internal resistance of a material is hard to 

estimate, instead the external force to distort or deform it could be measured. Thus, stress 

could be defined as the external force acting on a small area. Normal stress is indicated by 

σ𝑑  [N/m2] where d is the direction the stress acts, and is calculated by: 

 
𝜎𝑑 =

𝐹𝑑

𝐴
 

(7) 
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Where 𝐹𝑑 [N] is the force in d direction acting on an area A [m2]. Calculating the stress of a 

dam is important to study deformation and distortion of the building material to avoid the 

risk of cracks. 

3.4.2. Shear Stress 

Shear stress 𝜏 [N/m2] is the stress parallel with a cut plane of a material. The shear stress is 

defined as a shear force 𝐹𝜏 [N] acting on an area A of the cut plane [32]: 

 
𝜏 =

𝐹𝜏

𝐴
 

(8) 

This is a mean value of the shear stress in the area, but gives a good approximation of it. 

3.4.3. Strain 

Strain 𝜀 is measurement of deformation and describes the displacement between two points 

of a material, calculated through: 

 
𝜀 =

∆𝑙

𝑙
 

(9) 

Where 𝑙 [m] is the original length in one direction of the material and ∆𝑙 [m] is the change in 

that length.  

3.4.4. Poisons Ratio 

The change of a length in material will result in a change in the section area that is related to 

the poisons ratio ѵ [32] by the equation: 

 𝜀𝑎 = −ѵ𝜀𝑙 (10) 

ε𝑎 and 𝜀𝑙 denotes the strain in section area and a length perpendicular to the area. 

3.4.5. Hooke’s Law 

Materials subjected by stress often start deforming in a linear elastic way. The linear 

deformation of a material could be viewed as a relationship between stress and strain 

expressed by Hooke’s law: 

 ɛ =
𝜎

𝐸
 (11) 

Where E [Pa] is Yong’s modulus also known as elastic modulus, the relationship between 

stress and strain for elastic motion. 

3.4.6. Yield Limit 

Materials being subjected by stress will extend linear, in an elastic extension, until a yield 

limit (point B in Figure 12). At the yield limit the material starts becoming deformed in a 

plastic deformation, where the materials internal properties will change [32]. The yield limit 

could also be displayed as a yield area which describes the plastic deformation of an area in 

the material. The change is permanent and the material will not contract to its original 

shape. However, the material could be extended linear again and become subject to a new 

plastic deformation. 
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Figure 12: Relation between Stress and Strain for a material during linear (point A to B and D to C) and plastic deformation 
(point B to C). The material reaches its yield limit B (during elastic deformation A to B) and C (for elastic deformation through 

D to C). 

3.5. Pressure Dependent Yield Criteria 

Yield criteria are used to calculate if there is any chance for the material to fail. There are 

many criteria that are suitable for modelling the plasticity in material. However, not all of 

them can comprehend when the stress is equal in all directions, as in the case of hydrostatic 

pressure. In this thesis brittle materials such as rock, soils and concrete are being analysed, 

therefore Mohr Coulomb and Drucker-Prager failure criterions are being used. Using these 

yield criteria’s, yield surfaces (a boundary condition) could be determined.  

3.5.1. Mohr-Coulomb Failure Criterion 

The Mohr-Coulomb theory is a mathematic expression used to identify critical areas in a 

structure, by investigating the shear stress τ and normal stress 𝜎𝑛 at failure. The shear stress 

at failure 𝜏𝐹 is expressed by the equation: 

 𝜏𝐹 = 𝑐 + 𝜎𝑛 ∗ 𝑡𝑎𝑛 (𝜑) (12) 

and c is the cohesive strength of the material and 𝜑 is the angle of internal friction. Both the 

cohesive strength and angle of internal friction is calculated by using Mohr’s circles. To draw 

Mohr’s circle in 2D the normal stress in x and y direction (𝜎𝑥, 𝜎𝑦) and the shear stress (𝜏𝑥𝑦) 

has to be known. By marking two points (X and Y in Figure 13) with their stresses and shear 

stress the circles diameter becomes the distance between the points. The centre of the 

Mohr’s circle will be where the diameter between point X and Y crosses the sigma axis. The 

maximum stress (𝜎1) and minimum stress (𝜎3) are found when Mohr’s circle crosses the 

sigma axis (see Figure 13). 
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Figure 13: Mohr's circle for 2D. 

To draw a Mohr’s circle for a 3D case the normal stress in x,y,z direction must be known. The 

stresses in all directions (𝜎1, 𝜎2, 𝜎3) are pointed out on the stress axis, then circles are drawn 

between the three stresses, using the difference between two stresses as the diameter (see 

Figure 14). 

 

Figure 14: Mohr's circle for 3D [33]. 

If the cohesive strength of the material is given the angle of internal friction could be 

determined, by drawing a line through the cohesive strength at the shear stress axis to the 

tangent of the Mohr’s circle (see Figure 15). The drawn line creates the yield surface for the 

material and when a stress values exceeds the drawn line, the material will undergo plastic 

deformation. 
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Figure 15: Connection between Mohr's circle, cohesive strength, angle of internal friction and shear stress at failure. 

3.5.2. The Drucker Prager Strength Criterion (D-P) 

The Drucker-Prager (D-P) failure criterion is a three dimensional pressure-dependent 

material model. The criterion describes whether a material has undergone plastic 

deformation for rock, concrete and brittle materials (such as glass). The D-P criterion can be 

expressed as [34]: 

 √𝐽2 = 𝛼𝐼1 + 𝑘 (13) 

Where 𝛼 and 𝑘 are material constants, 𝐼1 is the first invariant of the stress tensor and 𝐽2 is 

the second invariant of the stress deviator tensor. 𝐼1 and 𝐽2 are defined as follows [34]:  

 𝐼1 =  𝜎1 + 𝜎2 + 𝜎3 (14) 

 
𝐽2 =

1

6
[(𝜎1 − 𝜎2)2 + (𝜎1 − 𝜎3)2 + (𝜎3 − 𝜎2)2] 

(15) 

𝜎1, 𝜎2 and 𝜎3 are the principal effective stresses. The criterion can also be expressed in terms 

of cohesion and friction angle. The material constants 𝛼 and 𝑘 are parameters determined 

throughout experiment. It is possible to alter the D-P criterion by changing the expression of 

the parameter 𝛼 and 𝑘, the most common parameter changes are shown in Table 1. Altering 

the D-P will also change the fail criteria in the stress space. For example, if D-P3 is chosen 

from table 1 to approximate the parameter 𝛼 and 𝑘, the yield limit for plasticity would 

become larger since the fail criterion for D-P3 is smaller compare to D-P1 and D-P2 (see the 

size of the circles in figure 16). A smaller fail criterion would make the material reach its 

plastic deformation earlier. 

Table 1: D-P approximation criterions [35]. 

Number Criterion 𝜶 𝒌 

D-P1 Circumscribed D-P 
circle 

2 sin 𝜑

√3(3 − sin 𝜑)
 

6𝑐 cos 𝜑

√3(3 − sin 𝜑)
 

D-P2 Middle D-P circle 2 sin 𝜑

√3(3 + sin 𝜑)
 

6𝑐 cos 𝜑

√3(3 + sin 𝜑)
 

D-P3 Inscribed D-P circle sin 𝜑

√(9 + 3sin2 𝜑)
 

3𝑐 cos 𝜑

√(9 + 3sin2 𝜑)
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Figure 16: Drucker-Prager and Mohr Coulomb fail criteria in stress space [34]. 

In 3D space of principal of stress, the D-P yield surface is circumscribed by the Mohr-

Coulomb yield surface. The difference between the yield surfaces is that Mohr-Coulomb 

failure surface is a cone with a hexagonal cross section yield and D-P failure surface is a cone 

with a circular cross section yield see Figure 17. The D-P criterion is often served as a smooth 

approximation to the Mohr-Coulomb criterion and the yield surface is also drawn in the 

same procedure.  

 

Figure 17: The yield surface for Mohr Coulomb and Drucker-Prager in 3D [36]. 
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3.6. Stability Analysis 

To make a stability analysis for a concrete gravity dam the safety against overturning and 

sliding should be analysed as well as the unit stress in the materials does not exceeds its 

yield criteria. 

3.6.1. Sliding 

Sliding occur if the horizontal forces exceeds the frictional resistance at that height [37]. The 

factor of safety for sliding on a plane, assuming that the resistance is purely frictional with no 

shear strength or cohesion [38] is expressed as: 

 
𝐹𝑆𝑠 =

∑ 𝐹𝑣

∑ 𝐹ℎ
 

(16) 

Where ∑ 𝐹𝑣 [N] and ∑ 𝐹ℎ [N] are the sum of all vertical and horizontal forces acting on the 

dam. The 𝐹𝑆𝑠 should not exceed 0.75 for normal loads combination (primary and secondary 

loads that normally affects the dam) [38]. 

3.6.2. Overturning 

The loads in horizontal direction will act to tip the dam, to counteract this forces a torque 

created by the self-weight will try to withstand the dam from tipping. Factor of safety for 

overturning 𝐹𝑆𝑜 is calculated by: 

 
𝐹𝑆𝑜 =

∑ 𝑡𝐻

∑ 𝑡𝑉
 

(17) 

Where ∑ 𝑡𝑉 and ∑ 𝑡𝐻 [Nm] are the sums of vertical and horizontal torque from all loads. The 

torque t [Nm] at a length 𝑙 of the lever is calculated by: 

 𝑡 = 𝑙 ∗ 𝐹 (18) 

Where F [N] is the forces acting in that point. The 𝐹𝑆𝑜 is often consider to be around the 

dam toe [38], making 𝑙 the distance between the forces centre and the X or Y distance to the 

toe. Seismic loads are excluded from calculations of overturning due to their transient and 

oscillating nature [38]. Values of 𝐹𝑆𝑜 ≥ 1.5 are desirable, but values as 1.25 may be 

acceptable [38]. 

3.6.3. Material Failing 

High forces acting on small areas of the dam could lead to overstress. The overstress makes 

the material reach its yield area and undergo a plastic deformation. The deformation is 

irreversible and changes the formation of the elements, heavy changes could lead to cracks 

resulting in dam failures. 
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3.7. Finite Element Method (FEM) 

The Finite Element Method (FEM) is a numerical method for solving problems of engineering 

and mathematical physics. FEM is very useful for problems with complicated geometries, 

loadings and material properties where analytical solution cannot be obtained [39]. In order 

to perform the technique, some data must be given to be able to analyse an element. The 

input data is to define the domain, the boundary and initial conditions and the physical 

properties. When analysing a three-dimensional problem, a simulation program is required 

since the equations becomes more complicated and difficult to solve. Note, that the 

obtained solution from FEM is solved in an approximate manner. 

The differential equations which describe the physical model are assumed to hold over a 

certain region. This region may be one-, two- or three dimensional. What the FEM does is, 

instead of seeking approximations that holds directly over the entire region, the region is 

divided into smaller parts, called finite elements and the approximations is then carried out 

over each element. The collection of all elements is called a finite element mesh. The corners 

of each element mesh which connects other element meshes are called nodes. The 

modelling steps of the FEM are shown in Figure 18. 

 

Figure 18: Illustration of modelling steps of FEM. 

 

3.8. Software 

Today there are many powerful commercial programs which can be used to solve complex 

problems in 2D and in 3D. Many of them have the ability to handle all different kind of 

interactions of elements in the physics such as fluid mechanics, electro mechanics and 

structural mechanics. COMSOL Multiphysics, ABAQUS, FLUENT and ANSYS are just a few 

examples of these programs. Most of the programs are based on the FEM, since they are 

founded from the same method, the interface and the structure of the programs are very 

similar. In a FEM-program there are three main steps in order to solve and analyse an 
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engineering problem [39]. The steps are: create a model, solve the problem and analyse the 

results. In the FEM-programs like ANSYS the steps are usually called, preprocessor, solution 

processor and postprocessor [39]. 

In this project ANSYS was used to simulate and analyse the Longtan Dam. At ENG-TIPS.com 

(an engineering forum) many people have praised ANSYS for the required minimal user input 

data when defining non-linear material such as rock, soil and concrete. The program does 

not require the user to know all parameters about the material properties. Another point 

that ANSYS does well is the simplicity of mesh creations for complex geometries. However, it 

is hard to say if ANSYS is the most accurate one compare to other FEM-program such as 

COMSOL Multiphysics, ABAQUS, FLUENT, since every FEM-software are very similar. The 

differences which may exist between the programs are the number of methods that are built 

into the software which the user can choose.  
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4. Method 

To perform the research of the Longtan Dam in the simulation software ANSYS, the research 

process was divided into three steps: create a 3D model of the dam, execute the numerical 

calculation and analyse the obtained solutions. In order to analyse the construction process 

of the dam, the analysis was divided into several cases with different loads, along with the 

input parameters. In this chapter a description of the cases are first presented followed by 

the input values that was used in ANSYS and assumptions that was made during the 

simulations. A more detailed description of the research process is also described. 

4.1. Cases  

The simulations in this thesis was performed on two sections of the Longtan dam, one 

section of the NOF (non-overflow) part of the dam and one section of the OF (overflow) part. 

Both NOF and OF section are divided into five cases. The first three cases consist of different 

heights of the dam affected only by its own self-weight. 

 Case 1: The dam only built to the height where the extension of the dam ends (seen 

in Figure 19), only simulated with self-weight acting on it. Note that the extension 

ends at different heights for the NOF and OF part of the dam, which could be seen in 

Appendix I – 2D Measurements for the NOF and OF. 

 Case 2: The dam built to a height where the downstream slope ends (at the top) for 

the NOF and for the OF where its ‘top’ starts (when the OF section has a part 

protrudes from the straight wall, seen in Figure 19). In this case the dam is only 

affected by its self-weight. 

 Case 3: The complete dam (seen in Figure 19) without any other loads than self-

weight. The total height and formation of the dam parts could be studied in Appendix 

I – 2D Measurements for the NOF and OF. 

In the fourth case, both NOF and OF section have the same height as they had in case 3 but 

with hydrostatic pressures from the reservoir, tail and uplift. 

 Case 4: The complete dam, affected by its own self-weight and hydrostatic pressures 

from the reservoir, tail and uplift. 

In the last case, the NOF section and the OF section have the same conditions as they had in 

the fourth case but with respect to seismic activity.  

 Case 5: The complete dam affected by its own self-weight and hydrostatic pressures 

from the reservoir, tail and uplift, along with seismic activity in x,y,z direction seen in 

Graph 1, Graph 2 and Graph 3 in 4.2 Input data. 
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Figure 19: The complete meshed models of the non-overflow section (left large picture) with zoomed in 2D figure of the dam 
at the heights of Case 1-3 and overflow section (right large picture) with zoomed in 2D figure of the dam at the heights of 

Case 1-3. Note that the large picture shows the dam and ground (the ground used in all cases) and that the same height was 
used in Case 3-5. 

4.2. Input data 

The models of the dam were created by using two dimensional (2D) measurements from the 

report “红水河  龙滩水电站  水平薄弱面对碾压混凝土大坝安全影响  计算分析评价任务

书”and could be seen in Appendix I – 2D Measurements for the NOF and OF. The water 

levels of the reservoir (190m) and tail (15.25m) were also taken from the same report. Along 

with the creation of the 3D models, the material data in Table 2 was approximated and 

obtained from the report [10] where the measurement were retrieved and imported into 

ANSYS. The material properties used to approximate these values could be found in 

Appendix II – Material Properties in Longtan Dam. 

Table 2: Input parameters for the materials used to simulate in ANSYS, (g=given values from Professor Yongpeng Zhang, 
a=assumed). 

Materials: 

Parameter\Material RCC Sandstone 

E [Pa] 1.8e10 1.5e10 

Ѵ 0.163 0.27 

ρ [kg/m3] 2444   0 

𝝋 [ᵒ] 42 56.1g
 

c [Pa] 0.65e6 1.09e6g 

Flow angle [ᵒ] 0a 56.1g
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In table 2 the flow angle for RCC was assumed to be zero, because of no available data was 

found for it and ANSYS built in helping guide recommended zero for unknown cases. The 

values for internal angle of friction, compressive strength and flow angle for the foundation 

(sandstone) was given by Professor Yongpeng. 

For the seismic activity input, Professor Yongpeng handed over modified data of an 

earthquake that affected the Koyna dam, India which is a gravity dam (same as Longtan 

Dam). The data was modified by the authors by adding 9.8 to the acceleration in y-direction, 

to compensate for normal ground acceleration. Also only the first eight seconds was 

considered to be interesting to look at, since the highest accelerations of the earthquake 

occurred in this time. 

 

Graph 1: The ground acceleration in x-direction during the first eight seconds of an earthquake affected Koyna dam, given 
by Professor Yongpeng. Having its maximum acceleration at time=3.93 s. 

 

Graph 2: The ground acceleration in y-direction during the first eight seconds of an earthquake affected Koyna dam, given 
by Professor Yongpeng. Having its maximum acceleration at time=1.77 s. 
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Graph 3: The ground acceleration in z-direction during the first eight seconds of an earthquake affected Koyna dam, given by 
Professor Yongpeng. Having its maximum acceleration at time=3.37. 

From Graph 1 - Graph 3 the maximum acceleration in x,y,z-direction could be found at 

time=3.93, 1.77 and 3.37 s. From these graphs the total maximum acceleration in all 

direction could be calculated at time=2.26s. 

4.3. Loads and Assumptions 

The loads and assumptions made during this thesis are summarized as: 

i. Only primary loads and seismic activity are considered affecting the dam in different 

cases. Secondary loads and other exceptional loads not mentioned in this thesis are 

ignored. 

ii. The entire dam body is assumed consisting of only one RCC material, that where 

approximated from values given in the report “红水河  龙滩水电站  水平薄弱面对

碾压混凝土大坝安全影响  计算分析评价任务书” and the 2D sketch from the 

report is seen in Appendix I – 2D Measurements for the NOF and OF. 

iii. The dam is only analysed over one section of the OF part and one NOF part of the 

Longtan Dam to reduce the simulation time. The sections profiles are given in 

Appendix I – 2D Measurements for the NOF and OF. 

iv. The dam sections that are being analysed are 20 meters wide, which is the width of 

each section according to Professor Yongpeng. Also no considerations between the 

sections are made. 

v. Only one maintenance tunnel is included in the dam models (could be studied in 

Appendix I – 2D Measurements for the NOF and OF). The larges tunnel, which is also 

the one affected by the most reservoir water pressure, uplift and among them 

affected by the most self-weight from the dam above it. This is also the only tunnel 

being deducted from the self-weight (even though its less than 0.0001 of the total 

-2,0000

-1,5000

-1,0000

-0,5000

0,0000

0,5000

1,0000

1,5000

2,0000

2,5000

0 1 2 3 4 5 6 7 8

A
cc

el
er

at
io

n
 [

m
/s

2 ]

Time [s]

Z-direction



30 
 

volume, see Appendix I – 2D Measurements for the NOF and OF for location of the 

tunnel). 

vi. The models are assumed not getting affected by any surrounding structures. 

vii. The ground beneath the dam is assumed to consist only of sandstone, with the 

profile mention in 4.2 Input data. With no supporting structures in the ground, such 

as joints. 

viii. The sandstone has been assumed having a density of zero, to avoid any effects on 

the ground from earthquake. Only considering the impacts of the dam and 

hydrostatic loads on the ground. 

ix. No hydrostatic pressure is assumed affecting the dam during the first three cases of 

the NOF and OF simulations. 

x. Water levels of the reservoir and tail water was assumed to be constant at their given 

heights of 190 and 15.25 m respectively. Even though the OF section was only 

simulated with a model of the height 161.6 m, sluice-gates blocking the water above 

was not built in the models, but were assumed to block water from overflow the 

crest. 

xi. The internal hydrostatic pressure was assumed acting only beneath the dam, with a 

drainage system profile seen in Figure 20. 

xii. The centre of mass for the OF section of the dam were approximated to be 87.2 m 

from the point of its toe when calculating the overturning. Since the centre of mass 

for OF section was hard to calculate (due to complex geometrics) and with the help 

of the NOF’s centre of mass. 

xiii. The damping ratio (𝜁) between RCC and the foundation is assumed to be 5% for all 

modes, which is the damping ratio between the concrete and foundation [40]. 

xiv. The number of modes used in Modal Analysis was selected to be 20 modes since the 

dam consist large degrees of freedom. 

 

Figure 20: Profile of the uplift pressure acting beneath the dam, with distances from origin for the OF and NOF sections of 
the dam. H1 and H2 are the water levels in the reservoir respectively the tail [10]. 
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4.4. Procedure 

In order to research and perform the analysis for the various cases of the Longtan Dam with 

specific load conditions, the simulation program ANSYS was used. In this thesis, a small part 

of the non-overflow section (NOF) and the overflow section (OF) of the dam was created. 

The models of the NOF section and OF section of Longtan Dam for the various cases are 

shown in Appendix I – 2D Measurements for the NOF and OF Sections.  

To analyze the stability of the dam from NOF section and the OF, overturning and sliding was 

calculated with Eq. (17) and (16) respectively. These factors were calculated in order to 

determine the dam safety against sliding and overturning. The calculations were calculated 

by hand and in 2D, since these factors does not require any results or value from the ANSYS 

software and does not change in third direction. These calculations were performed when 

the dam is in static condition, affected by the primary loads (‘Case 4’). 

To apply the plasticity properties in the dam models in ANSYS, the element type SOLID65 

was selected. The element SOLID65 has the ability to define the plasticity model of Drucker-

Prager which is based on Mohr-Coulomb’s model of plasticity. The dam body and the 

foundation was both defined as SOLID65. However to use the selected element, certain 

material properties are required as input parameters. The full list of material input 

parameters where presented in Table 2. The first approximation criterion of Drucker-Prager 

(D-P1) was used to describe the yield limit for plasticity of the concrete, since only the first 

criterion could be implemented in ANSYS. 

Before inserting the pressures in Case 4 and Case 5 for the NOF section and the OF section of 

the dam, the pressures had to be calculated. The calculations of the distribution of loads for 

Case 4 and Case 5 for the respective dam section are presented in Appendix III – Hydrostatic 

Load Equations and Areas Affecting. The water pressure from reservoir was applied on the 

upstream surface of the dam and on the foundation surface of the upstream side of the 

dam. The uplift pressures were applied on the bottom surface of the dam. Tail water 

pressure was applied on the downstream surface of the dam and on the foundation surface 

of the downstream side of the dam. The gravity force for the NOF section and the OF section 

were specified to be 9.8 m/s2 in all cases.  

The mesh shape for the dam body was selected to a hexahedral mesh and the foundation 

was selected to a tetrahedral mesh. The difference between the mesh shapes are the 

number of degrees of freedom. A hexahedral mesh has 12 degrees of freedom and the 

tetrahedral mesh has 6 degrees of freedom. A mesh with higher number of degrees of 

freedom gives better results since the software have to execute more steps to calculate the 

result for one element. However, it requires more time to perform calculations with higher 

degrees of freedom. In this thesis, the main focus is to study the dam body, therefore the 

mesh shape for the dam body was selected to a hexahedral mesh and the foundation to a 

tetrahedral mesh (could be seen in Figure 19). Both mesh type was used for the NOF section 

and the OF section for all cases. 
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To be able to simulate and capture how the dam body reacts in all cases with a specific 

conditions, the boundary condition called displacement had to be defined. The displacement 

boundary condition specifies that a portion of the model displaces relative to its original 

position. The displacement boundary condition in all simulation cases for the NOF section 

and the OF section of the dam was placed around the outer surfaces on the foundation. 

More specific, it was placed on the right, left, front and back side surface and on the bottom 

surface on the dam foundation.  

The seismic activity in Case 5 for the NOF and OF section was inserted according to the 

earthquake profile from the Koyna Dam (given by professor Yongpeng) only the first eight 

seconds was considered. The earthquake profile was implemented as gravity accelerations in 

x-, y- and z-directions for each time step. To perform the simulation of the dam with seismic 

activity, an analysis called Modal Analysis was required. The Modal Analysis was executed by 

defining the number of modes. The number of modes was defined and recommended to be 

20 according to [31]. With the Modal Analysis, the natural frequencies for the dam was 

obtained and the Rayleigh constants a and b could then be calculated from Eq. (5) and (6). 

The Rayleigh constants are required as input parameters in ANSYS in order to apply the 

seismic activity. To run the seismic simulations in the software, the command operations to 

simulate Case 5 for the NOF and the OF section can be found in Appendix IV – The code used 

in Case 5. Some code writing in ANSYS was required in order to simulate the earthquake 

(seeAppendix IV – The code used in Case 5).  
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5. Results 

In the result chapter the important figures are showed along with calculated results. 

Overturning and sliding are calculated for a 2D model of Longtan Dam, since the width of the 

dam would affect all the forces as a constant and get cancelled out (see Eq (16),(17)). Strain, 

stress and yield area for the NOF and OF sections in all five cases are presented for 3D 

models. 

5.1. Sliding 

Sliding was only calculated when the dam was subjected to primary loads (Case 4), since no 

horizontal forces were applied during Case 1-3 and it is hard to calculate the exact impact of 

earthquake (Case 5). All forces in Table 3 were calculated by integrating over the length they 

were applied at using the equations mentioned in 3.3.1 Primary Loads (more accurate 

equations could be seen in Appendix III – Hydrostatic Load Equations and Areas Affecting) 

except for self-weight which was not integrated. The sliding factor of safety (𝐹𝑆𝑠) was 

calculated by Eq. (16) using the forces in Table 3 below to be 0.50 for NOF and 0.48 for OF. 

Where forces in downwards directions and towards the downstream side were defined as 

positive in vertical and horizontal direction. Resulting in that the dam appear safe from 

sliding (𝐹𝑆𝑠 ≤ 0.75). 

Table 3: Horizontal and vertical forces acting on the dam, having direction down and from the reservoir as positive 
directions.  

Force NOF 
[Mega Newton] 

OF 
[Mega Newton] 

Water pressure reservoir, 
Vertical 

23.57 25.92 

Water pressure tail, Vertical 0.7877 - 

Uplift, Vertical -43.18 -45.78 

Self-weight, Vertical 369.4 386.9 

Water pressure reservoir, 
Horizontal 

177.3 177.3 

Water pressure tail 
Horizontal 

-1.142 -1.142 

∑ 𝐹𝑣  350.6 367.0 

∑ 𝐹ℎ 176.2 176.2 
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5.2. Overturning 

Overturning was calculated when the dam was subjected to only primary loads (Case 4). 

Since no horizontal forces were applied during Case 1-3 and due to oscillation in in Case 5 

overturning was only calculated for Case 4.The torque (presented in Table 4 and Table 5, 

below) was calculated by Eq. (18), with the forces (for NOF and OF) in Table 3 and distances 

in Table 4 and Table 5. The distances from force centre to toe were calculated by hand, 

through force integrals and areas. The factor of safety against overturning for the NOF was 

2.24 and 1.96 for the OF using Eq. (17) and torque from Table 4 and Table 5. The results 

suggest that the dam is safe against overturning (𝐹𝑆𝑜 ≥ 1.5). 

Table 4: Direction, distance to toe and calculated torque for horizontal and vertical forces acting to overturn and stabilize 
the OF part of the dam. 

NOF Direction Distance to toe [m] Torque [Mega Newton meter] 

Water pressure 
reservoir, Vertical 

(+) 
 

20 
 

471.4 
 

Water pressure tail, 
Vertical 

(+) 
 

3.51 
 

2.765 
 

Self-weight, Vertical (+) 97.2 35910 

Uplift, Vertical (-) 126 5442 

Water pressure 
reservoir, Horizontal  

(-) 
 

63.3 
 

11220 
 

Water pressure tail, 
Horizontal 

(+) 
 

5.08 
 

5.801 
 

∑ 𝑡+ (+) - 37390 

∑ 𝑡− (-) - 16660 

    
Table 5: Direction, distance to toe and calculated torque for horizontal and vertical forces acting to overturn (-) and stabilize 
(+) the OF part of the dam. 

OF Direction Distance to toe [m] Torque [Mega Newton meter] 

Water pressure 
reservoir, Vertical 

(+) 
 

10.8 
 

279.9 
 

Self-weight, Vertical (+) 87.2 33740 

Uplift, Vertical (-) 135 6180 

Water pressure 
reservoir, Horizontal  

(-) 
 

63,3 
 

11223 
 

Water pressure 
vertical, Horizontal 

(+) 
 

5,08 
 

5.801 
 

∑ 𝑡+ (+) - 34030 

∑ 𝑡− (-) - 17400 
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5.3. Simulations 

In this part of the chapter the distribution of strain, stress and yield areas are presented for 

the NOF and OF sections of the dam, for Case 1-5. Case 1-3 illustrates the NOF and OF 

sections at different heights only affected by their own self-weight. Case 4 is when the 

sections are at their complete height and affected by all the primary loads, which are the 

same situation in Case 5 but with seismic activity added. In Case 5 not every single second of 

the earthquake are shown in the result section, but the distributions when the earthquake 

reaches its maximum acceleration (at time=2.26 s) are shown here. The distributions when 

the earthquake had its maximum in x,y,z-directions at time=3.39,1.77,3.37 s could be found 

in appendix V-VII. All figures shows the complete distribution in the foundation (the 

rectangular shape in the middle of all figures) and dam (the shape above the foundation) 

along with closer perspective at critical parts such as the dam heel, tunnel and toe (the 

smaller figures inside with notes of A)-D)). 

5.3.1. Strain 

Elastic strain distribution over the NOF and OF section are described and showed here with 

the results from Case 1-5 (seen in Figure 21 to Figure 32). The intensity of elastic strain could 

be seen at the interval at the bottom of each figure (Figure 21 to Figure 32), where blue 

colour represents lower degrees of strain and the red colour represents higher degrees of 

strain. 

Non-overflow 

In Case 1 large areas of elastic strain could be found at the heel, tunnel and toe of the NOF 

section (see Figure 21, where the interval at the bottom shows the degree of strain in all 

nodes). The highest degree of strain in Case 1 is in the heel. As the height of the dam growth 

(Case 2), the strain intensity grows for the heel and tunnel but stays around the same for the 

toe (seen of the values of the interval at the bottom of figures). The model also starts tilting 

towards the heel in Case 2, Figure 22. From Case 2 (Figure 22) to Case 3 (Figure 23) the strain 

intensity increases a little bit, but remains almost the same, with highest strain intensities at 

the tunnel and heel. 
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Figure 21: Strain distribution of the non-overflow section of the dam in Case 1, with closer looks at A) the dam heel, B)-C) the 
tunnel and D) the toe. 

 

Figure 22: Strain distribution of the non-overflow section of the dam in Case 2, with closer looks of A) the dam heel, B)-C) the 
tunnel and D) the toe. 
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Figure 23: Strain distribution of the non-overflow section of the dam in Case 3, with closer looks of A) the dam heel, B)-C) the 
tunnel and D) the toe. 

From Case 3 (Figure 23) to Case 4 (Figure 24) a major change in deformation happens. The 

dam goes from tilting towards the heel to moving towards the toe. A lot of changes in the 

strain distribution also happen. The strain intensity starts to disappear from the heel and 

appear at the toe. The strain in the toe increased around six times from Case 3 to 4, going 

from around 0.1*103 to 0.6*103 (seen in the interval below the figures). The strain at the 

tunnel has become lower for Case 4 than 3, also changing its location of maximum from the 

upper right arch to the upper left arch. 

 

Figure 24: Strain distribution of the non-overflow section of the dam in Case 4, with closer looks of A) the dam heel, B) the 
tunnel and C) the toe. 
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When the dam is subjected to seismic activity (Case 5, at time=2.26 s) the elastic strain 

intensity increases (compared to Case 4) in the majority of the dam, getting different 

distributions of strain on the right and left side. In Figure 25 and Figure 26 the left and right 

side of the dam when the seismic activity reached its highest acceleration at time=2.26 s 

could be seen. Higher strain intensities are shown on the left side (Figure 26) while the 

intensities are lower at the right side (Figure 27), making the model deform in z-direction. 

Note that Figure 26 is showing the right side of the section making it appear to have the 

opposite intensive areas of strain. 

 

Figure 25 Strain distribution on the left side at the non-overflow section of the dam in Case 5 when the seismic activity has 
its highest acceleration (time=2.26s). Closer looks of A) the dam heel, B-C)) the tunnel and D) the toe. 

 

Figure 26: Strain distribution on the right (opposite side from Figure 25) side at the non-overflow section of the dam in Case 
5 when the seismic activity has its highest acceleration (time=2.26s). Closer looks of A) the dam heel, B-C)) the tunnel and D) 

the toe. 
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Overflow 

For Case 1 (Figure 27) of the OF section the highest intensities of strain could be found at the 

heel, toe and left upper arch of the tunnel. As the height of the dam changes from Case 1 to 

Case 2 (Figure 28) the overall strain increases and the model starts to tilt towards its heel. 

Some strain intensities also starts to appear at the top of the extension (see Figure 28). 

Adding the last part of the OF section (Case 3, Figure 29) the intensity increases in the model 

and are showing similar distribution as in Case 2. 

 

Figure 27: Strain distribution of the overflow section of the dam in Case 1, with closer looks of A) the dam heel, B) the tunnel 
and c) the toe. 

 

Figure 28: Strain distribution of the overflow section of the dam in Case 2, with closer looks of A) the dam heel, B)-C) the 
tunnel and D) the toe. 
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Figure 29: Strain distribution of the overflow section of the dam in Case 3, with closer looks of A) the dam heel, B)-C) the 
tunnel and D) the toe. 

When hydrostatic loads are applied to the dam model (Case 4, Figure 30) the strain intensity 

at the heel decreases and increases at the toe (compared to Case 3). In the tunnel the 

overall strain intensity decreases, moving the intensive parts from the upper left arch and 

lower right corner to the opposite right arch and left corner. The strain intensity in the dam 

body are also shifted from the front upstream side to the back downstream side. 

 

Figure 30: Strain distribution of the overflow section of the dam in Case 4, with closer looks of A) the dam heel, B) the tunnel 
and C) the toe. 
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During the earthquake at time=2.26 s for the OF part the strain has its highest deformation 

at the toe, with higher values towards the left side (Figure 31). The strain is a little higher at 

the left side compared to the right for the major parts of the dam, an exeption is at the heel, 

where the strain has some lower areas (seen between Figure 31 A) and Figure 32 A)). 

 

Figure 31: The strain distribution on the left side of the OF part of the dam during seismic activity at time=2.26 s, with close 
looks at A) the heel, B)-C) the tunnel and D) the toe. 

 

Figure 32: The strain distribution on the right (opposite side from Figure 31) side of the OF part of the dam during seismic 
activity at time=2.26 s, with close looks at A) the heel, B)-C) the tunnel and D) the toe. 
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5.3.2. Stress 

Stress distribution over the NOF and OF parts of the dam for Case 1-5 (seen in Figure 33 to 

Figure 44). The intensity of stress could be seen at the interval at the bottom of each figure 

(Figure 21Figure 33 to Figure 44), where blue colour represents lower degrees of stress and the 

red colour represents higher degrees of stress. 

Non-overflow 

The stress distribution of NOF in Case 1 has a high intensity in the dam heel (seen in Figure 

33). Similar results are seen in Case 2 (Figure 34) and Case 3 (Figure 35) but with higher 

intensity for the taller dam models. High stress intensities are as well found in the tunnel at 

the left upper arch and lower right corner. The intensity of the tunnel continuously expands 

over Case 1 to 3, reaching some of the models highest stress intensities in Case 3, when the 

dam has reached its completed height. Around the toe the intensity area decreases as the 

intensity of stress becomes higher through Case 1 to 3. 

 

Figure 33: Stress distribution of the non-overflow section of the dam in Case 1, the whole model with closer looks of A) the 
dam heel, B)-C) the tunnel and D) the toe. 
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Figure 34: Stress distribution of the non-overflow section of the dam in Case 2, the whole model with closer looks of A) the 
dam heel, B)-C) the tunnel and D) the toe. 

 

Figure 35: Stress distribution of the non-overflow section of the dam in Case 3, the whole model with closer looks of A) the 
dam heel, B)-C) the tunnel and D) the toe. 

When applying the hydrostatic loads to the dam (Case 4, Figure 36), the toe becomes 

exposed to a higher degree of stress, as the heel stress decreases. The new critical area (in 

Case 4 instead of Case 3) is around the toe instead of the heel but with around the same 

maximum of stress (see the intensity at the bottom of figures). The stress in the extension 

(in Case 4) was lowered to around half of its stress value from Case 3. The tunnel becomes 

subjected to a lower degree of stress than Case 3 (Figure 35) with the highest intensity in the 

right arch and left lower corner, which is the opposite from Case 1-3. 
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Figure 36: Stress distribution of the non-overflow section of the dam in Case 4, the whole model with closer looks of A) the 
dam heel, B)-C) the tunnel and D) the toe. 

In Case 5 when seismic activity is added to the model, the stress distribution becomes higher 

on the left side of the dam, than on the right (see Figure 37 and Figure 38) for time=2.26 s. 

Thus, the stress distribution on both sides was very similar as to Case 4, when the dam was 

only subjected to hydrostatic loads (see Figure 36). The most intensive part of stress in Case 

5 was at the same location as in Case 4 (at the toe). 

 

Figure 37: Stress distribution on the left side of the non-overflow section at time=2.26 s during seismic activity (Case 5). The 
whole model with closer looks of A) the dam heel, B)-C) the tunnel and D) the toe. 
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Figure 38: Stress distribution on the right side (opposite side from Figure 37) of the non-overflow section at time=2.26 s 
during seismic activity (Case 5). The whole model with closer looks of A) the dam heel, B)-C) the tunnel and D) the toe. 

Overflow 

The results from Case 1 (Figure 39) of the OF section showed an even stress distribution at 

the dam bottom. The high intensive stress areas are located at the toe, heel and upper left 

arch and lower right corner of the tunnel. In Case 2 (Figure 40), the evenly stress distribution 

that was seen in Case 1 has disappeared. The high stress intensities in Case 2 are located at 

the heel and tunnel. In Case 3 (Figure 41) when the dam had reached its final height, higher 

intensity of stress compared to Case 2 was seen, having high stress areas inside the tunnel at 

the upper left arch and lower right corner as well in the heel. 

 

Figure 39: Stress distribution of the overflow section of the dam in Case 1, with closer looks of A) the dam heel, B) the tunnel 
and C) the toe. 
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Figure 40: Stress distribution of the overflow section of the dam in Case 2, with closer looks of  A) the dam heel, B)-C) the 
tunnel and D) the toe. 

 

Figure 41: Stress distribution of the overflow section of the dam in Case 3, with closer looks of A) the dam heel, B)-C) the 
tunnel and D) the toe. 

In Case 4 (Figure 42) when the OF had hydrostatic loads added to it the stress intensity 

decreased in the heel and tunnel (compared to Case 3). Switching the stress intense areas in 

the tunnel from the left upper arch to the right and lower right corner to the left. The stress 

in the toe become around twice as high for Case 4 than Case 3 (seen by comparing the 

intensities from the intervals at the figures). When the hydrostatic loads was added (Case 4) 

some higher intensity was also noted at the downstream slope of the OF compared to Case 3 

(Figure 43). 
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Figure 42: Stress distribution of the overflow section of the dam in Case 4, with closer looks of A) the dam heel, B) the tunnel 
and C) the toe. 

In Case 5 when the seismic activity is at time=2.26 s the stress distribution has its most 

intensive area at the toe. The stress on the right side (Figure 44) had higher intensity than 

the left side (Figure 43). However, both the left and right side had very similar distributions 

as in Case 4 (Figure 42). 

 

Figure 43: Stress distribution on the left side of the overflow section at time=2.26 s during seismic activity (Case 5). With 
closer looks of A) the dam heel, B)-C) the tunnel and D) the toe. 
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Figure 44: Stress distribution on the right (opposite side from Figure 43) side of the overflow section at time=2.26 s during 
seismic activity (Case 5). With closer looks of A) the dam heel, B)-C) the tunnel and D) the toe. 
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5.3.3. Yield area 

The results of the yield area showed as plastic strain over the NOF and OF parts of the dam 

for Case 1-5 (seen in Figure 45 to Figure 56). The intensity of plastic strain could be seen at the 

interval at the bottom of each figure (Figure 45 to Figure 56), where blue colour represents 

lower degrees of strain and the red colour represents higher degrees of strain. 

Non-overflow  

For the first case of yield areas of NOF, only a small area of plastic deformation is showed in 

Figure 45 (Case 1) at the heel of the dam. In Case 2 (Figure 46) almost the whole heel has 

emerge to plastic deformation. Plastic deformation around the upper left and lower right 

corner of the tunnel can also been seen in Case 2, but it is only located at the outer surface 

and not inside of the tunnel. For Case 3 (Figure 47) the plastic deformation has reached 

through the whole tunnel at the upper left arch, but the deformation at the right corner is 

similar to Case 2. The plasticity at the extension had grown even more for Case 3 than Case 2. 

 

Figure 45: Distribution of Yield area shown as plastic strain for the non-overflow part case 1 of the dam. With close look at 
A) the heel, B) the tunnel and C) the toe. 
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Figure 46: Distribution of Yield area shown as plastic strain for the non-overflow part Case 2 of the dam. With close look at 
A) the heel, B)-C) the tunnel and D) the toe. 

 

Figure 47: Distribution of Yield area shown as plastic strain for the non-overflow part Case 3 of the dam. With close look at 
A) the heel, B)-C) the tunnel and D) the toe. 
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When the dam is subjected to hydrostatic pressure Case 4 (Figure 48), large areas of plastic 

deformation appears at the downstream side instead of in the extension (compare to Case 

3). There are small areas of plastic strain at the heel and in the ground in front of the dam. 

The tunnel also has some small areas of yield areas in the right lower corner, but not as 

intense deformations as in the heel and part of the downstream side. 

 

Figure 48: Distribution of Yield area shown as plastic strain for the non-overflow part Case 4 of the dam. With close look at 
A) the heel, B)-C) the tunnel and D) the toe. 

At the time=2.26 s in the earthquake, similar results as for Case 4 (Figure 48) could be seen, 

but with no yield area in the tunnel. Small but powerful area of plasticity could be seen in 

the heel and a large area on the downstream side (Figure 49 and Figure 50). It is also notable 

that the left side (Figure 49) has larger yield areas at the heel and downstream, compared to 

the right side (Figure 50). 

 

Figure 49: Distribution of Yield area shown as plastic strain for the non-overflow part Case 5, left side at time=2.26 s. With 
close look at A) the heel, B) the tunnel and C) the toe. 
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Figure 50: Distribution of Yield area shown as plastic strain for the non-overflow part Case 5, right side (opposite side from 
Figure 49) at time=2.26 s. With close look at A) the heel, B) the tunnel and C) the toe. 

Overflow  

Only a small plastic deformation happens in the OF Case 1 (Figure 51). Very small part of the 

heel and toe at the sides are reaching the yield limits, but none at the middle of the dam. In 

Case 2 (Figure 52) the areas has grown, especially in the heel. The tunnel has also started to 

reach some yield limits at its upper left arch. The yield area in the tunnel expands from Case 

2 (Figure 52) to Case 3 (Figure 53) as well on the right wall of the tunnel where a small yield 

area has started to appear (seen in Figure 53 B),C)). The yield area at the toe decreases from 

Case 2 to Case 3, almost disappearing completely. At the heel the area expands reaching 

approximately 1/3 of the extensions area on the upstream side. 

 

Figure 51: Distribution of Yield area shown as plastic strain for the overflow part Case 1 of the dam. With close look at A) the 
heel, B) the tunnel and C) the toe. 



53 
 

 

Figure 52: Distribution of Yield area shown as plastic strain for the overflow part Case 2 of the dam. With close look at A) the 
heel, B) the tunnel and C) the toe. 

 

Figure 53: Distribution of Yield area shown as plastic strain for the overflow part Case 3 of the dam. With close look at A) the 
heel, B)-C) the tunnel and D) the toe. 

When the OF deforms of the hydrostatic pressures, the yield area is located at the toe and 

heel of the section. The heel has a plastic deformation affecting the ground beneath it as 

well, while the toe has yield areas at the left and right side of it (see Figure 54 C)). The tunnel 

has no yield areas in Case 4. 
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Figure 54: Distribution of Yield area shown as plastic strain for the overflow part Case 4 of the dam. With close look at A) the 
heel, B) the tunnel and C) the toe. 

During the seismic activity at time=2.26 s the OF has some yield areas (seen in Figure 55 and 

Figure 56) are very similar to the yield areas in Case 4 (Figure 54). It shows almost the same 

results, but having a higher intensity at the toe and lower in the ground and in front of the 

dam heel. 

 

Figure 55: Distribution of Yield area shown as plastic strain on the left side for the overflow part Case 5 at time=2.26 s. With 
close look at A) the heel, B) the tunnel and C) the toe. 
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Figure 56: Distribution of Yield area shown as plastic strain on the left side (opposite side from Figure 55) for the overflow 
part Case 5 at time=2.26 s. With close look at A) the heel, B) the tunnel and C) the toe.  
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6. Discussion 

The results of sliding, overturning and simulations are discussed and compared with similar 

studies in this chapter. 

6.1. Sliding 

Both NOF and OF section of the dam had a factor of safety against sliding (𝐹𝑆𝑠) lower than 

0.75 which was recommended by [38]. The value for 𝐹𝑆𝑠 was calculated to be 0.50 for NOF 

and 0.48 for OF which is approximately 2/3 of the recommended value for 𝐹𝑆𝑠. The 

calculated results showed thereby, that the dam is safe from sliding. One of the previous 

studies on Longtan Dam calculated 𝐹𝑆𝑠to be 0.49 [19] for NOF which is very similar to the 

obtained value. Why the safety factor of sliding between this thesis and the previous study 

differs is partly due to the chosen values of gravitational acceleration, water density and 

water levels. 

6.2. Overturning 

Overturning showed results almost 1/3 higher than the desirable value for factor of safety 

against overturning (𝐹𝑆𝑜 = 1.5), making Longtan Dam safe from overturning. The centre of 

mass for the OF section of the dam was approximated (see assumption xii), making the 

results for the NOF section (which had no approximations) more reliable. The OF and NOF 

section had the same horizontal force when calculating overturning (and sliding), due to 

closet sluice-gates (see assumption x) for the OF. The gates would probably have contributed 

with extra weight giving the OF more stability. When the gates are open water will flow 

down the OF sections of the dam, creating a force acting down on the dam surface making 

the OF part even more stable against overturning. 

The result on 𝐹𝑆𝑜 = 2.24 (for NOF) differs from the results of one previous study about 

Longtan Dam which got  𝐹𝑆𝑜 = 2.31 [19]. The different results are because of various length 

of lever for the loads and different uplift profile, due to calculation with and without 

drainage. However, both results conclude that Longtan Dam is safe from overturning during 

normal loads (desirable value is 𝐹𝑆𝑜 ≥ 1.5). 

6.3. Simulations 

From the numerical results for both NOF and OF sections, the dam seems to have similar 

results of stress and strain distribution for Case 1-5. These results were expected to be seen 

since strain and stress are related to each other (by Hooke’s law for example) and also 

relates to each other when the material undergoes plastic deformation. Therefore, the 

discussion of stress, strain and plastic deformation will be very similar. Also the discussion 

between NOF and OF section of the dam will be similar since the applied hydrostatic 

pressure on NOF and OF section are based on the same equations. 

Large areas of elastic strain and stress distribution from the first three cases for both NOF 

and OF section of the dam are located on the dam heel, toe and around the tunnel. The 
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large areas of elastic strain and stress distribution indicates that the material undergo large 

deformation and may also undergo a plastic deformation (happening in some cases in the 

yield area). Observe, when the construction of the dam becomes higher, the dam body 

seems to tilt towards the dam heel which can be seen very clearly in Case 2 and Case 3 for 

both dam sections (see Figure 22 and Figure 28). The reason why the dam starts to tilt is due 

to the geometric shape and weight of the dam, since the equilibrium of mass will change 

from the dam’s middle to its side. This effect can be seen very clearly when the dam heel 

and the tunnel are exposed to a higher degree of deformation (Case 2, Case 3). Notice, when 

the dam starts to tilt towards the heel, the tunnel will also starts to deform towards the 

heel. The tilting effect may be a problem during the construction of the dam, but the dam is 

usually filled with water slowly during the construction phase, which will counteract the 

tilting. This could be seen from Case 4 where the dam had stop tilting forward and started to 

overturn due to the reservoir pressure. Another solution to minimize the deformation in the 

dam could be to reinforce certain parts of the dam. 

In Case 4 for both NOF and OF section, when water pressure is applied (water pressure from 

reservoir, uplift and tail water), the dam seems to have moved towards the dam toe (see 

Figure 24, Figure 30 etc.). The tilt against the heel is no longer observed and the large areas 

of strain and stress around the heel has become much lesser compared to Case 3. Instead, 

the large areas of strain and stress in Case 4 are located around the dam toe. The applied 

water pressure has caused the dam body to be in a “straighter up” position which is the 

desired position of the gravity dam compare to Case 3, thereby showing positive effects of 

reservoir water pressure. The deformation around the tunnel has also changed compare to 

the first three cases of the dam. The tunnel is exposed to a lesser degree of deformation and 

does no longer deform towards the dam heel. The results in Case 4 show the importance of 

the dam’s self-weight. One of the biggest reasons for building a gravity dam is to withstand 

external loads with its own weight. The extension of the Longtan Dam increases the dam’s 

resistance against overturning due to the added weight but also from water pressure 

pressing down the extension. 

According to the simulated results of yield areas from Case 1, the plastic deformation does 

only appear at the heel of the dam (seen in Figure 45) for NOF. In Case 2 and in Case 3 the 

plastic deformation started to appear around the tunnel for both sections. These results 

could be expected by study the simulation results from stress and strain distribution, where 

the stress and strain increased a lot at the area around the tunnel. However, it is hard to 

make a conclusion if the material would break when it is in the plastic deformation range. 

The results from yield area do only show that the material is within the plastic deformation 

range according to the Drucker-Prager criterion. The criterion does not say anything when 

the material will break. The simulation of yield area does not give any information about the 

allowed maximum value of stress and strain before the material starts to break. 
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In this thesis, the D-P1 failure criterion was used to approximate the constant 𝛼 and 𝑘 

(shown in Table 1). The D-P1 failure criterion was used since ANSYS only had the D-P1 failure 

criterion implemented in the program. If another criterion was chosen, for example D-P2 

(from table 1), the obtained results from the simulations for Case1 to Case5 (for both NOF 

and OF section) would probably show a larger distribution of plastic deformation. This could 

be seen by drawing the Drucker-Prager yield surface in 3D (see figure 17). The Drucker-

Prager yield surface with D-P1 failure criterion would become larger compare to the 

Drucker-Prager yield surface with D-P2 failure criterion. The reason why D-P1 failure 

criterion has a larger yield surface compare to D-P2 criterion is because the base area is 

larger than D-P2 criterion (compare the D-P1 circle with D-P2 circle in figure 16). Since the D-

P2 criterion has a smaller yield surface, the material would reach plastic deformation earlier 

which would result in larger distribution of plastic deformation and yield area.   

By changing the flow angle from the assumption of 0, the plastic deformation would change 

for each element. Since the elements in these simulations are rather small one could assume 

that the flow angle would have a small impact on the results, unless the angle is big. 

The numerical results from Case 5 when seismic activity was applied for NOF and OF section 

of the dam showed that the critical areas of stress and strain were still located around the 

heel, toe and the tunnel compare to Case 4 (seen in Case 4 figures and Case 5 showed in the 

results and appendix V-VII). When the dam was subjected to earthquake with duration of 8 

seconds, the dam would start to oscillate back and forward in all three directions. Depending 

on the dam’s movement direction and how the dam tilts, large area of distribution of stress 

and strain would start to appear on the tilting side of the dam. This phenomenon could be 

clearly observed at Figure 61 and Figure 63 in appendix V, when the NOF section of the dam 

starts to tilts in z-direction. The tilting is displayed with green color in Figure 61 and Figure 63 

(appendix V) for stress and strain respectively on the NOF section. Same observation could 

also be seen for the OF section of the dam (see Figure 66 and Figure 68 appendix V), 

although the tilting is displayed with light blue color. Due to the deformation described by 

the colors the material will compress and thereby start to tilt. 

When self-weight, tail and reservoir water pressure where applied in a previous study of 

Longtan Dam [21], plastic deformation occurred at the bottom of the dam body when 

material properties where changed (friction angle and cohesion). In this thesis, when the 

dam was subjected to all primary loads including earthquake, plastic deformation at the 

bottom of the dam body was never discovered. The higher intensity at the bottom could be 

seen in Figure 33 (stress Case 1 NOF), but not in other cases since the intensity at other parts 

where much higher. Since the previous study [21] changed the material properties of the 

Longtan Dam more parts of the dam would undergo plastic deformation compared to the 

results in this thesis. 
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7. Conclusions 

Longtan Dam appears safe against overturning and sliding during primary loads, which 

consists of self-weight, uplift and hydrostatic pressures from the reservoir and tail water. 

When the dam is under construction during lower heights and not subject to any other 

forces than self-weight, the heel and toe are the parts subjected to most stress and strain. 

When the dam reaches higher amplitudes the stress becomes more intensive at the heel and 

the largest maintenance tunnel (closest to the heel). During the construction phases, small 

plastic deformations occur at the heel, toe and maintenance tunnel. It will probably be 

transferred towards the downstream side if the reservoir is partly filled during construction 

of the dam, concluded from the results of when hydrostatic pressure was added to the 

complete dam model. 

When hydrostatic loads are added to the dam, the highest stress areas are located at the toe 

where most elastic and plastic deformation appears. During earthquake with all primary 

loads applied, the stress and strain distribution will differs along the width of the dam, hence 

showing the importance of z-direction and 3D models. Most critical parts are at the toe due 

to high hydrostatic pressures from the reservoir.  
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8. Future Work 
An interesting future work of the dam analysis would be if implementation of cracks was 

applied in dam body. Cracks in the dam body would probably occur, especially when the 

material reaches the plastic zone. Investigating how the cracks expands and propagates 

during seismic activity would certainly give valuable information about the safety of the 

dam. 

Furthermore, according to the previous study about an arch dam, the pore pressure (water 

that pressed into voids and cracks) appeared to have an impact of the distribution of stress 

in the dam body [20]. The study showed the importance of including the pore pressure in 

the dam analysis. A dam analysis with implementation of pore pressure could give results of 

where the risk of cracks could appear in the dam body.  

Another aspect for the dam model would be to simulated when water from the reservoir 

flows out to the sluice-gates and over the overflow (OF) section of the dam and create a 

vertical force on the OF part. Higher degree of stress and strain could appear at the edges of 

the spillway. However, the water outflow from the reservoir could also improve the stability 

of the OF section of the dam since the OF section of the dam would be exposed to a vertical 

force stabilizing it more. 
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Appendix I – 2D Measurements for the NOF and OF Sections 

In this appendix the 2D measurements of the NOF and OF section of Longtan Dam from the 

report ”红水河  龙滩水电站  水平薄弱面对碾压混凝土大坝安全影响  计算分析评价任务

书”are showed in Figure 57 and Figure 58. In Figure 57 the height of the extension and the 

end of downstream slope could be found to 60 and 182 m for the NOF, creating the heights 

of the NOF models in Case 1 and Case 2. In similar way the extension and the height to the 

‘top’ of OF section could be found in Figure 58 to be 80 and 140 m, giving the heights of the 

OF models in Case 1 and Case 2. 

 

Figure 57: the 2D measurements of the non-overflow section of Longtan Dam along with the distribution of different 
materials in the dam and foundation, also giving the measurements of all tunnels in the dam [10]. 
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Figure 58: the 2D measurements of the overflow section of Longtan Dam along with the distributions of materials in the 
dam and foundation [10]. 
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Appendix II – Material Properties in Longtan Dam 

The following material properties where found in the report “红水河  龙滩水电站  水平薄

弱面对碾压混凝土大坝安全影响  计算分析评价任务书”and used to approximate the 

materials used during this thesis. This is not all material properties from the report, but only 

the ones used to make evaluations of only one material in the dam and foundation. 

Table 6: Material properties for the different materials in Longtan Dam (see ‘Appendix I – 2D Measurements for the NOF and 
OF’ for distributions of the materials) [10] 

Material Yong’s 
Modulus 

[104 MPa] 

Poisons 
ration 

Density 
[kN/m3] 

Internal 
friction 
(tan 𝝋) 

Cohesive 
strength 

[MPa] 

Normal CC 1.96 0.167 24.0 0.95 0.80 

RCC1 Body 1.96 0.163 24.0 0.90 0.70 

RCC2 Body 1.79 0.163 24.0 0.90 0.60 

RCC3 Body 1.54 0.163 24.0 0.85 0.50 

RCC4 Body 1.96 0.163 24.0 0.90 0.70 

Foundation 1 1.2 0.27 0   

Foundation 2 1.1 0.27 0   

Foundation 3 1.6 0.27 0   

Foundation 4 1.5 0.27 0   
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Appendix III – Hydrostatic Load Equations and Areas Affecting 
In this appendix the hydrostatic loads equations used in ANSYS are showed. The basic 

equations could be found in 3.3.1 Primary Loads but might not be accurate due to how the 

distances in the dam are constructed (see Appendix I – 2D Measurements for the NOF and 

OF). To apply the forces in ANSYS the internal hydrostatic pressure had to be divided into 

four different parts, due to variations of magnitude and distances (seen in Figure 59). 

 

Figure 59: The distribution of internal hydrostatic pressure beneath the dam [10], as Figure 20 but divining of the forces into 
equations showed below in Table 7.  

From Figure 59 the internal hydrostatic forces for the NOF and OF part of the dam was 

divided into P2-P5 showed in Table 7, with the areas affected by each pressure in ANSYS 

mentioned in Table 7. It was later used to understand the code for Case 5 seen in Appendix 

IV – The code used in Case 5. The pressures from the reservoir and tail water are defined as 

P1 and P6 in the table. For all equation in the table below X and Y are variables of the 

distance from origin in X and Y. The areas affected in the simulations in ANSYS are also 

showed. These are important if the user have the actual simulation models, but describes 

where the loads where affecting the dam (could be seen from Figure 10). 
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Table 7: Calculated forces that where integrated over when calculating overturning and sliding, also applied in ANSYS on 
areas listed. 

NOF 

Pressure Equation Areas affected 
in ANSYS model 

P1 (190 − 𝑌) ∗ 𝜌𝑤 ∗ 𝑔 7,8,9,20 

P2 
190 (0.2 + 0.8 ∗

12 − 𝑋

27
) ∗ 𝜌𝑤 ∗ 𝑔 

19 

P3 
(0.5 ∗ 15.25 + (0.2 ∗ 190 − 0.5 ∗ 15.25)

30 − 𝑋

18
) ∗ 𝜌𝑤 ∗ 𝑔 

18 

P4 0.5 ∗ 15.25 ∗ 𝜌𝑤 ∗ 𝑔 17 

P5 15.25*(0.5 + 0.5 ∗
𝑋−132

11.445
) ∗ 𝜌𝑤 ∗ 𝑔 16 

P6 (15.25 − 𝑌) ∗ 𝜌𝑤 ∗ 𝑔 15,24 

OF 

Pressure Equation Areas affected 
in ANSYS model 

P1 (190 − 𝑌) ∗ 𝜌𝑤 ∗ 𝑔 27,28,29,30,48 

P2 
190 (0.2 + 0.8 ∗

8.5 − 𝑋

28.5
) ∗ 𝜌𝑤 ∗ 𝑔 

37,52 

P3 
(0.5 ∗ 15.25 + (0.2 ∗ 190 − 0.5 ∗ 15.25)

30 − 𝑋

21.5
) ∗ 𝜌𝑤 ∗ 𝑔 

41 

P4 0.5 ∗ 15.25 ∗ 𝜌𝑤 ∗ 𝑔 40 

P5 15.25*(0.5 + 0.5 ∗
𝑋−142

6.58
) ∗ 𝜌𝑤 ∗ 𝑔 39 

P6 (15.25 − 𝑌) ∗ 𝜌𝑤 ∗ 𝑔 38 
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Appendix IV – The code used in Case 5 
To implement the seismic activity in ANSYS the following code where used, with comments. 

The files acelX, acelY and acelZ are the acceleration in x,y,z direction seen in Graph 1, Graph 2 

and Graph 3. P1 – P6 are functions showed in Appendix III – Hydrostatic Load Equations and 

Areas Affecting on areas also mentioned in that appendix. 

The code below is for the NOF Case 5 and areas shod be changed accordingly to ‘Appendix III 

– Hydrostatic Load Equations and Areas Affecting’ and functions should be redefined to the 

once in the mentioned appendix before doing the OF Case 5 with the code. This code must 

be change if not used on the same models as the once used in this thesis. 

/solu 
allsel 
 
NT=800    ! Number of values used in the seismic wave.  
DT=0.01   ! time interval  
*dim,ac,,NT   ! Dimension of a vector to hold the acceleration in X-direction  
/input,acelX,txt   ! Seismic wave input of X-direction, into ‘ac’ 
 
*dim,bc,,NT   ! Dimension of a vector to hold the acceleration in Y-direction 
/input,acelY,txt   ! Seismic wave input of X-direction, into ‘bc’ 
 
*dim,cc,,NT   ! Dimension of a vector to hold the acceleration in Y-direction 
/input,acelZ,txt   ! Seismic wave input of X-direction, into ‘cc’ 
 
NSUBST,0.5, ,20 ,1 
OUTRES, ALL, NONE  
OUTRES, NSOL,all 
OUTRES, ESOL,all 
ANTYPE,TRANS 
*do,i,1,20 ! a loop for 0.5s*20=10s to make the dam start at static conditions with hydrostatic loads  
 
FLST,2,4,5,ORDE,4  !defines number of areas etc. for first load in OF chance to ‘FLST,2,5,5,ORDE,5’    
FITEM,2,7   !first area affected for OF ‘FITEM,2,27’ 
FITEM,2,8    ! for OF ‘FITEM,2,28’ 
FITEM,2,9     ! for OF ‘FITEM,2,29’  
FITEM,2,20      ! for OF ‘FITEM,2,30’ 
  !for OF add ‘FITEM,2,52’ 
/GO  
!*   
!*   
SFA,P51X,1,PRES, %P1%     ! applies hydrostatic load from the reservoir  
FLST,2,1,5,ORDE,1    !defines numbers of areas that P2 should act on  
FITEM,2,19    !for OF ‘FITEM,2,41’ 
/GO  
!*   
!*   
SFA,P51X,1,PRES, %P2% !applies P2 
FLST,2,1,5,ORDE,1    !defines numbers of areas that P3 should act on 
FITEM,2,18    !for OF ‘FITEM,2,40’ 
/GO  
!*   
!*   
SFA,P51X,1,PRES, %P3%    !applies P3 
FLST,2,1,5,ORDE,1     !defines numbers of areas that P4 should act on 
FITEM,2,17    !for OF ‘FITEM,2,39’ 
/GO  
!*   
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!*   
SFA,P51X,1,PRES, %P4% !applies P4    
FLST,2,1,5,ORDE,1    !defines numbers of areas that P5 should act on 
FITEM,2,16    !for OF ‘FITEM,2,38’ 
/GO  
!*   
!*   
SFA,P51X,1,PRES, %P5% !applies P5 
FLST,2,2,5,ORDE,2    !defines numbers of areas that P6 should act on (same for OF) 
FITEM,2,15   !for OF ‘FITEM,2,37  
FITEM,2,24    !for OF ‘FITEM,2,52 
/GO  
!*   
!*   
SFA,P51X,1,PRES, %P6% !applies P6 
 
ALPHAD, 0.045559                             ! Rayleigh damping ratio  
Betad,0.0081348  
ACEL,0,9.8,0    ! ground motion 
TIME,i*0.5  !defines the time for each step 
SOLVE 
*enddo    !end do 
 
NSUBST,DT, , ,1 
OUTRES, ALL, NONE  
OUTRES, NSOL,all 
OUTRES, ESOL,all 
ANTYPE,TRANS 
 
*do,j,1,NT  !do loop for the seismic activity NT-steps 
 
FLST,2,4,5,ORDE,4  !defines number of areas etc. for first load in OF chance to ‘FLST,2,5,5,ORDE,5’    
FITEM,2,7   !first area affected for OF ‘FITEM,2,27’ 
FITEM,2,8    ! for OF ‘FITEM,2,28’ 
FITEM,2,9     ! for OF ‘FITEM,2,29’  
FITEM,2,20      ! for OF ‘FITEM,2,30’ 
  !for OF add ‘FITEM,2,52’ 
/GO  
!*   
!*   
SFA,P51X,1,PRES, %P1%     ! applies hydrostatic load from the reservoir  
FLST,2,1,5,ORDE,1    !defines numbers of areas that P2 should act on  
FITEM,2,19    !for OF ‘FITEM,2,41’ 
/GO  
!*   
!*   
SFA,P51X,1,PRES, %P2% !applies P2 
FLST,2,1,5,ORDE,1    !defines numbers of areas that P3 should act on 
FITEM,2,18    !for OF ‘FITEM,2,40’ 
/GO  
!*   
!*   
SFA,P51X,1,PRES, %P3%    !applies P3 
FLST,2,1,5,ORDE,1     !defines numbers of areas that P4 should act on 
FITEM,2,17    !for OF ‘FITEM,2,39’ 
/GO  
!*   
!*   
SFA,P51X,1,PRES, %P4% !applies P4    
FLST,2,1,5,ORDE,1    !defines numbers of areas that P5 should act on 
FITEM,2,16    !for OF ‘FITEM,2,38’ 
/GO  
!*   
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!*   
SFA,P51X,1,PRES, %P5% !applies P5 
FLST,2,2,5,ORDE,2    !defines numbers of areas that P6 should act on (same for OF) 
FITEM,2,15   !for OF ‘FITEM,2,37  
FITEM,2,24    !for OF ‘FITEM,2,52 
/GO  
!*   
!*   
SFA,P51X,1,PRES, %P6% !applies P6 
 
ALPHAD, 0.045559                               ! Rayleigh damping ratio  
Betad,0.0081348  
ACEL,ac(j),bc(j),cc(j)   !Seismic activity in x,y,z-direction 
 
TIME,j*DT+10  !defines the time at each point, +10 to compensate for the static first do loop 
solve  
*enddo 
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Appendix V – Results from seismic activity time=3.39 s x-acceleration 

max 
In this appendix, pictures from Case 5 at time=3.39 s when the seismic activity had its 

highest change in x-acceleration are showed. These results show the stress, strain and plastic 

strain of the NOF and OF sections of the dam. The reader could compare these results 

themselves with the results in the report and Appendix VI, VII. The middle figure is of the 

ground (the rectangular shape) and the dam (the more triangular shape). Zoomed in areas of 

the heel, toe and tunnel could be seen in the A)-D) parts of each picture. The intensity is 

defined by the color range at the bottom of figures, where blue is low intensity and red is 

higher. 

 

Figure 60: Stress distribution for Case 5 during the seismic activity at time=3.39 s from left side of the NOF section of the 
dam. With closer look on A) the heel, B)-C) the tunnel and D) the toe.  
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Figure 61: Stress distribution for Case 5 during the seismic activity at time=3.39 s from right side of the NOF section of the 
dam. With closer look on A) the heel, B)-C) the tunnel and D) the toe. 

 

Figure 62: Strain distribution for case 5 during the seismic activity at time=3.39 s from left side of the NOF section of the 
dam. With closer look on A) the heel, B)-C) the tunnel and D) the toe. 
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Figure 63: Strain distribution for Case 5 during the seismic activity at time=3.39 s from right side of the NOF section of the 
dam. With closer look on A) the heel, B)-C) the tunnel and D) the toe. 

 

Figure 64: Plastic strain distribution for Case 5 during the seismic activity at time=3.39 s from left side of the NOF section of 
the dam. With closer look on A) the heel, B)-C) the tunnel and D) the toe. 
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Figure 65: Plastic strain distribution for Case 5 during the seismic activity at time=3.39 s from right side of the NOF section of 
the dam. With closer look on A) the heel, B)-C) the tunnel and D) the toe. 

 

Figure 66: Stress distribution for Case 5 during the seismic activity at time=3.39 s from left side of the OF section of the dam. 
With closer look on A) the heel, B)-C) the tunnel and D) the toe. 
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Figure 67: Stress distribution for Case 5 during the seismic activity at time=3.39 s from left side of the OF section of the dam. 
With closer look on A) the heel, B)-C) the tunnel and D) the toe. 

 

Figure 68: Strain distribution for Case 5 during the seismic activity at time=3.39 s from left side of the OF section of the dam. 
With closer look on A) the heel, B)-C) the tunnel and D) the toe. 
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Figure 69: Strain distribution for Case 5 during the seismic activity at time=3.39 s from right side of the OF section of the 
dam. With closer look on A) the heel, B)-C) the tunnel and D) the toe.. 

 

Figure 70: Plastic strain distribution for Case 5 during the seismic activity at time=3.39 s from left side of the OF section of 
the dam. With closer look on A) the heel, B)-C) the tunnel and D) the toe. 
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Figure 71: Plastic strain distribution for Case 5 during the seismic activity at time=3.39 s from right side of the OF section of 
the dam. With closer look on A) the heel, B)-C) the tunnel and D) the toe.  
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Appendix VI – Results from seismic activity time=1.77 s y-acceleration 

max 
In this appendix, pictures from Case 5 at time=1.77 s when the seismic activity had its 

highest change in y-acceleration are showed. These results show the stress, strain and plastic 

strain of the NOF and OF sections of the dam. The reader could compare these results 

themselves with the results in the report and Appendix V, VII. The middle figure is of the 

ground (the rectangular shape) and the dam (the more triangular shape). Zoomed in areas of 

the heel, toe and tunnel could be seen in the A)-D) parts of each picture. The intensity is 

defined by the color range at the bottom of figures, where blue is low intensity and red is 

higher. 

 

Figure 72: Stress distribution for case 5 during the seismic activity at time=1.77 s from left side of the NOF section of the 
dam. With closer look on A) the heel, B)-C) the tunnel and D) the toe. 
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Figure 73: Stress distribution for Case 5 during the seismic activity at time=1.77 s from right side of the NOF section of the 
dam. With closer look on A) the heel, B)-C) the tunnel and D) the toe. 

 

Figure 74: Strain distribution for Case 5 during the seismic activity at time=1.77 s from left side of the NOF section of the 
dam. With closer look on A) the heel, B)-C) the tunnel and D) the toe. 
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Figure 75: Strain distribution for case 5 during the seismic activity at time=1.77 s from right side of the NOF section of the 
dam. With closer look on A) the heel, B)-C) the tunnel and D) the toe. 

 

Figure 76: Plastic strain distribution for Case 5 during the seismic activity at time=1.77 s from left side of the NOF section of 
the dam. With closer look on A) the heel, B) the toe. 
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Figure 77: Plastic strain distribution for Case 5 during the seismic activity at time=1.77 s from left side of the NOF section of 
the dam. With closer look on A) the heel, B) the toe. 

 

Figure 78: Stress distribution for Case 5 during the seismic activity at time=1.77 s from left side of the OF section of the dam. 
With closer look on A) the heel, B)-C) the tunnel and D) the toe. 
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Figure 79: Stress distribution for Case 5 during the seismic activity at time=1.77 s from left side of the OF section of the dam. 
With closer look on A) the heel, B)-C) the tunnel and D) the toe. 

 

Figure 80: Strain distribution for Case 5 during the seismic activity at time=1.77 s from left side of the OF section of the dam. 
With closer look on A) the heel, B)-C) the tunnel and D) the toe. 
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Figure 81: Strain distribution for Case 5 during the seismic activity at time=1.77 s from left side of the OF section of the dam. 
With closer look on A) the heel, B)-C) the tunnel and D) the toe. 

 

Figure 82: Plastic strain distribution for Case 5 during the seismic activity at time=1.77 s from left side of the OF section of 
the dam. With closer look on A) the heel, B) the tunnel and C) the toe. 
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Figure 83: Plastic strain distribution for Case 5 during the seismic activity at time=1.77 s from right side of the OF section of 
the dam. With closer look on A) the heel, B) the tunnel and C) the toe.  
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Appendix VII – Results from seismic activity time=3.37 s z-acceleration 

max 
In this appendix, pictures from Case 5 at time=3.37 s when the seismic activity had its 

highest change in z-acceleration are showed. These results show the stress, strain and plastic 

strain of the NOF and OF sections of the dam. The reader could compare these results 

themselves with the results in the report and Appendix V, VI. The middle figure is of the 

ground (the rectangular shape) and the dam (the more triangular shape). Zoomed in areas of 

the heel, toe and tunnel could be seen in the A)-D) parts of each picture. The intensity is 

defined by the color range at the bottom of figures, where blue is low intensity and red is 

higher. 

 

Figure 84: Stress distribution for Case 5 during the seismic activity at time=3.37 s from left side of the NOF section of the 
dam. With closer look on A) the heel, B) the tunnel and C) the toe. 
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Figure 85: Stress distribution for Case 5 during the seismic activity at time=3.37 s from right side of the NOF section of the 
dam. With closer look on A) the heel, B) the tunnel and C) the toe. 

 

Figure 86: Strain distribution for Case 5 during the seismic activity at time=3.37 s from left side of the NOF section of the 
dam. With closer look on A) the heel, B)-C) the tunnel and D) the toe. 
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Figure 87: Strain distribution for Case 5 during the seismic activity at time=3.37 s from right side of the NOF section of the 
dam. With closer look on A) the heel, B-C)) the tunnel and D) the toe. 

 

Figure 88: Plastic strain distribution for Case 5 during the seismic activity at time=3.37 s from left side of the NOF section of 
the dam. With closer look on A) the heel, B)-C) the tunnel and D) the toe. 
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Figure 89: Plastic strain distribution for Case 5 during the seismic activity at time=3.37 s from right side of the NOF section of 
the dam. With closer look on A) the heel, B) the tunnel and C) the toe. 

 

Figure 90: Stress distribution for Case 5 during the seismic activity at time=3.37 s from left side of the OF section of the dam. 
With closer look on A) the heel, B)-C) the tunnel and D) the toe. 
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Figure 91: Stress distribution for Case 5 during the seismic activity at time=3.37 s from right side of the OF section of the 
dam. With closer look on A) the heel, B)-C) the tunnel and D) the toe. 

 

Figure 92: Strain distribution for Case 5 during the seismic activity at time=3.37 s from left side of the OF section of the dam. 
With closer look on A) the heel, B)-C) the tunnel and D) the toe. 
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Figure 93: Strain distribution for Case 5 during the seismic activity at time=3.37 s from right side of the OF section of the 
dam. With closer look on A) the heel, B)-C) the tunnel and D) the toe. 

 

Figure 94: Plastic strain distribution for Case 5 during the seismic activity at time=3.37 s from left side of the OF section of 
the dam. With closer look on A) the heel, B) the tunnel and C) the toe. 
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Figure 95: Plastic strain distribution for Case 5 during the seismic activity at time=3.37 s from right side of the OF section of 
the dam. With closer look on A) the heel and B) the toe. 


