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ABSTRACT 

Stability and safety are very important issues for embankment dams built in seismic 

regions. Earthquakes impose additional loads on to embankment dams over those 

experienced under static conditions that could cause settlement and longitudinal and 

transverse cracking of the embankment, particularly near the crest of the dam. The 

main objective of this study is to conduct seismic analysis of a zoned earth dam to 

observe the effect of dam geometry on the amplification of ground motion within the 

body of the dam. This can be done using GeoStudio which is a finite element based 

software. A typical dam cross section with fixed slope and different geometric sizes 

on top of different foundations have been analyzed. Thus real earthquake records are 

used as input motion with varying peak ground acceleration. The results obtained 

from the study show that varying the geometry together with the ground motion and 

peak ground acceleration values have significant effect on the ground motion 

amplification within the dam body. 
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      CHAPTER 1 - INTRODUCTION 

1 .1. Background 

Dams are structures that are widely used for irrigation and power generation purposes. 

Dams have made an important and significant impact on the development of society 

and have considerable benefits in different aspects including renewable energy, 

agriculture and flood control. Among different types of dams, embankments are usually 

preferred over concrete gravity dams because of different advantages they have over 

the latter ones: simplicity of the construction, availability of local materials and 

requirement of fewer number of skilled labors making them the most widely 

constructed type of dams (Raja and Mashwari, 2016). 

 

As in any structure, stability and safe performance of dams are basic requirements to 

be attained. Safe performance of dam structures is very crucial since its environmental 

and economic impairment is severe. Despite the advancement in geotechnical 

engineering, earthquake still remains one of the main causes of failure for many dams 

indicating that the area should be given emphasis. Performance evaluation and the 

stability of earth dams during earthquakes require a thorough dynamic response 

analysis to determine acceleration, dynamic stresses, and deformations induced in the 

dam by the seismic forces (Raja and Mashwari, 2016). 

 

Seismic stability of slopes is complicated due to the need to consider the effect of 

dynamic stresses induced by earthquake shaking and the effect of those stresses on 

the strength and stress-strain behavior of the slope materials (Kramer, 1996). When 

earthquake ground motions propagate through embankments, acceleration 

amplification and permanent deformations can occur potentially resulting in sliding of 

the soil mass. Dynamic response of the embankments is to be investigated properly for 

determining these seismic-induced forces and deformations (Kandolkar et al., 2010). 
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The seismic slope stability can be ascertained by evaluating factor of safety of the dam 

using pseudo-static approaches which begun in 1920s. The seismic stability of earth 

structures has been analyzed by a pseudo static approach in which the effect of an earthquake 

is represented by horizontal and/or vertical acceleration constants (Kramer, 1996).  

 

The pseudo-static method of analysis, like all limit equilibrium methods, provides an 

index of stability (the factor of safety) without providing any information on 

deformations associated with slope failure. Since the serviceability of a slope after an 

earthquake is controlled by deformations, analyses that predict slope displacement 

provide a more useful indication of seismic slope stability. Since earthquake induced 

accelerations vary with time, the pseudo static factor of safety will vary throughout an 

earthquake (Anis and  Jawaid, 2016).  

 

If the inertial forces acting on a potential failure mass become large enough that the 

total (static and dynamic) driving forces exceed the available resisting forces, the factor 

of safety will drop below 1.0. Newmark (1965) considered the behavior of a slope under 

such conditions. When the factor of safety is less than 1.0, the potential failure mass is 

no longer in equilibrium, and consequently, it will be accelerated by the unbalanced 

force. The situation is analogous to that of a block resting on an inclined plane. 

Newmark used this analogy to develop a method for prediction of the permanent 

displacement of a slope subjected to any ground motion. Newmark’s sliding block 

analysis is the simplest method to calculate the permanent sliding displacements of 

slopes subjected to any ground motion (Anis and  Jawaid, 2016).  

 

This study attempts to analyze stress-deformation of seismic slope stability using 

dynamic finite- element analyses. Seismically induced permanent strains in each 

element of the finite-element mesh are integrated to obtain the permanent deformation 

of slope.                       
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1.2. Objectives 

1.2.1. General Objective 
 

The main objective of this study is to analyze the effect of height and foundation type 

of a zoned embankment dam on the amplification of different ground motions. 

1.2.2. Specific objectives 
 

Specific objectives that are addressed in this research include: 

• To analyze zoned embankment dam profiles using finite element (FE) based 

software by varying the height, foundation type, ground motion and peak ground 

acceleration (PGA) 

• To determine the extent and location of maximum acceleration (amax) within the 

dam profiles and 

• To determine permanent deformation caused by the maximum acceleration. 

1.3. Statement of the Problem 

As was discussed in the previous section in relation to pseudo-static analysis approach, 

there is no exact way of selecting a pseudo-static coefficient and the location of the force 

for design, yet (Duncan et al., 2014). It seems clear, however, that pseudo-static 

coefficients should be based on the actual, anticipated level of acceleration in the failure 

mass; and that should correspond to some fraction of the anticipated peak acceleration. 

Although engineering judgment is required in all cases, the criteria for the coefficient 

proposed by Hynes-Griffin and Franklin (1984) and Terzaghi (1950) for the location of 

the pseudo-static force is commonly taken in the analysis of most slopes. Despite these 

suggestions, accuracy is an issue with Terzaghi (1950) himself expressing his 

uncertainties of earthquake effect on slopes, and that a slope could s t i l l  be unstable 

even if the computed pseudo-static factor of safety was greater than one having 

considered the aforementioned criteria for the coefficient and location. Historical and 

recent earthquake-induced landslides have shown significant shortcomings of the 

pseudo-static approach (Kramer, 1996). 
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1.4. Methodology 

To meet the objectives of the study, the following steps are followed: 

• literature review of seismic response and stability analysis of zoned 

embankment dams, 

• selection of simplified dam model, 

• selection of different dam cross-sections, 

• selection of  ground motion and peak ground acceleration, 

• simulation of different dam profiles using GeoStudio software, 

• obtain static factor of safety, maximum acceleration within the height of the dam 

and deformation caused by ground, and 

• specify range of maximum acceleration (in terms of pseudo-static coefficient kh), 

the point of application of maximum acceleration and deformation. 

1.5. Scope  

This research investigates the effect of dam height on zoned earth dams in response to 

earthquake ground motion at a steady-state reservoir condition setting aside rapid 

drawdown and construction conditions using GeoStudio software package. Since this 

research is not for a particular dam at a particular site, the range of parameters used 

for the analysis are genera l(For this reason no attempt is made to analyze every 

combination of dam dimensions, soil properties, ground motions and peak ground 

accelerations). The study is restricted to three dam heights, resting on two 

homogeneous foundations, analyzed using three ground motions scaled to three peak 

ground acceleration values. Equivalent-linear 2D dynamic analyses with elastic-plastic 

deformation are conducted for statically stable dam section. 

 

1.6. Organization  

This document is organized into five chapters. Chapter 2 deals with definition of 

embankment dam, failure due to earthquake, and how it is represented in stability 

analysis. Stress-strain relationship of soils is also presented in this chapter. In Chapter 

3, modeling of typical zoned earth dam with appropriate dimension and material 
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assignment is discussed followed by input ground motion and the FE (GeoStudio) 

software processing. Chapter 4 holds an arranged form of the results from the software 

output and a discussion that goes with it. Finally, Chapter 5 provides conclusions and 

recommendations. 
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CHAPTER 2 - LITRATURE REVIEW 

2.1. Embankment dams 

Embankment dams are made from mechanically compacted earth fills. There are 

several types of embankment dams; depending on their designs they have varying 

degrees of in-built conservatism, usually relating to the degree to which seepage within 

the dam is controlled by provision of filters and drains, the use of free draining rock fill 

in the embankment and the control of foundation seepage by grouting, drainage and 

cutoff construction (Fell et al., 2015). The two most common types of embankment dams 

are rock-fill and earth-fill dams.  

 

Earth fill dams are composed of suitable soils obtained from borrow areas or required 

excavation that are spread and compacted in layers by mechanical means. Earth-fill 

dams may be constructed with homogenous layers (homogeneous dams) or zones of 

different materials of varying characteristics (zoned-earth dams). Typical zones include 

a clay core, filter, drain zones and shell materials.  Rock-fill dams are constructed from 

high percentage of rock sand other larger particles. The fill typically drains easily and 

therefore no drainage layer is required. To prevent seepage, rock-fill dams have an 

impervious zone on the upstream side of the dam or within the embankment. The 

impervious zone can be made from a variety of materials including masonry, concrete, 

plastic, steel pile sheets, timber, or clay (Beadenkopf, 2013). 

 

Earth-fill dams may include a water-tight core and can also be made from asphalt 

concrete. Dams with this type of core are called concrete-asphalt core embankment 

dams. Most concrete asphalt dams use rock and/or gravel as the main fill material. 

These types of dams are considered especially appropriate for areas susceptible to 

earthquakes due to the flexible nature of the asphalt core (Beadenkopf, 2013). 

 

Earthquakes impose additional loads on to embankment dams over those experienced 

under static conditions. The earthquake loading is of short duration, cyclic and involves 
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motion in the horizontal and vertical directions. Earthquakes can affect embankment 

dams by causing settlement and longitudinal and transverse cracking of the 

embankment, particularly near the crest of the dam. The settlements adversely affect 

the size of freeboard between the embankment crest and reservoir level which may, in 

the worst case, result in overtopping of the dam. Internal erosion and piping may 

develop in cracks. Liquefaction or loss of shear strength due to increase in pore 

pressures induced by the earthquake may occur in the embankment and its 

foundations (Fell et al. 2015). 

 

Earthquake loading may result in differential movement between the embankment, 

abutments and spillway structures leading to transverse cracks that could cause 

differential settlements that damage outlet works passing through the embankment. 

Instability of the upstream and downstream slopes of the dam are also one of the main 

cause of earthquake motion as they bring additional load (Fell et al. 2015).  

 

The potential for such problems depends on the seismicity of the area in which the dam 

is sited, foundation materials and topographic conditions at the dam site, detailed 

construction of the dam, and the water level in the reservoir at the time of the 

earthquake(Fell et al. 2015). 

 

Earthquakes may also result in overtopping of the dam by wave induced in the 

reservoir in the event of large tectonic movement in the reservoir and by waves due to 

earthquake induced landslides into the reservoir from the valley sides. The amount of 

site investigation, design and additional construction measures (over those needed for 

static conditions) will depend on these factors, the consequences of failure and whether 

the dam is existing or new (Fell et al., 2015).  
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2.2. Analysis of inertial instability 

2.2.1. Pseudo static coefficient 

In the mid-1960s, the state of practice in seismic analysis of earth dams was known as 

seismic coefficient (pseudo-static) method which is also called pseudo-static analysis. 

Pseudo-static analysis is the use of a static analysis of the factor of safety against 

sliding with the addition of a horizontal force to represent the effect of seismic shaking. 

The selection of a seismic coefficient is based on judgment and experience of slope 

behavior during past earthquakes, and these coefficients were embodied in seismic 

design codes. This approach lacked a rational basis for choosing the seismic coefficient, 

and it did not take into account possible loss of strength and stiffness of the soil as a 

result of shaking (Marcuson, 1981). 

 

 Ambraseys (1960), proposed coefficients based on elastic response analyses of the 

embankments. Figure 2-1 shows recommended coefficients by Seed and Martin (1966) 

which are based on maximum elastic response and root mean-square response, and 

critical damping of 20 percent, together with bands representing typical U.S. practice 

and the Japanese code (Marcuson, 1981).  

 

 

Figure 2-1: Seismic coefficients suggested in 1966 for use in pseudo-static analysis 

(Seed and Martin, 1966) 
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The late Nathan Newmark, who served on an advisory board with Taylor for the Corps 

of Engineers, further developed Whitman’s concept and presented a method of analysis 

in his Rankine Lecture of 1965 (Newmark, 1965). The method, as presented by 

Newmark assumes rigid-plastic behavior of the embankment during the earthquake, 

and that the time-history of the earthquake motions is known. The sliding mass is 

idealized as a rigid block on an inclined plane, which slides on the plane whenever the 

shearing resistance of the contact is overcome by inertial force due to shaking 

(Marcuson, 1981). 

 

Various researchers have proposed ways of evaluating static and seismic slope 

stability and yield acceleration of embankment dams. Usually, a horizontal seismic 

coefficient (kh) is either chosen arbitrarily or is selected based on judgment and 

experience of the behavior of structures during past earthquakes. However, the 

accuracy and reliability of results mainly depend upon the proper selection of 

horizontal and/or vertical seismic acceleration coefficients (Kandolka,s.s. et al., 2010). 

From among the numerous suggestions about the values of seismic coefficients, the 

most notable ones are the following 

 

- Seed (1979) recommended horizontal seismic coefficient, kh of 0.10 for sites near 

faults capable of generating magnitude 6.5 earthquakes and the acceptable 

pseudo-static factor of safety is of the order of 1.15 or greater. For near-fault 

sites capable of generating up to 8.5 magnitude earthquakes, a horizontal 

seismic coefficient, kh equal to 0.15 was suggested, with the acceptable pseudo-

static factor of safety to be 1.15 or greater.  

- kh values suggested by Terzaghi (1950) were 0.10 for “severe” earthquakes, 0.20 

for “violent” and “destructive” earthquakes, and 0.50 for “catastrophic” 

earthquakes.  

- Hynes-Griffin and Franklin (1984) estimated that for kh = 0.5 amax/g and for 

factor of safety (FS) > 1.0 large deformation will not develop. 

- Marcuson (1981) suggested that appropriate pseudo-static coefficients for dams 
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should correspond to 1/3 to 1/2 of the maximum acceleration, including 

amplification or de-amplification effect to which the dam is subjected 

 

2.2.2. Pseudo-static Force Location 

An issue that arises in pseudo-static analyses is the location of the pseudo static force. 

Seed (1979) showed that the location assumed for the seismic force can have a small 

but noticeable effect on the computed factor of safety. Terzaghi (1950) suggested that 

the pseudo-static force should act through the center of gravity of each slice or through 

the entire sliding soil mass. This would be true only if the accelerations were constant 

over the entire soil mass, which they probably are not.  

 

Observed dynamic response of many dams to earthquakes indicate that peak 

accelerations increase from the bottom to the top of a dam (Makdisi and Seed, 1978). 

Thus, the location of the resultant seismic force can be expected to be above the center 

of gravity of the slice 

 

In the case of circular slip surfaces, assuming pseudo-static force will act above the 

center of gravity will reduce the moment about the center of the circle due to the 

seismic forces, in comparison to applying the force at the center of gravity of the slice, 

and the factor of safety would be expected to increase. The assumption that the pseudo-

static force acts through the center of gravity of the slice is probably slightly 

conservative for most dams (Duncun et al., 2014). 

2.3. Newmark Sliding Block Analyses 

Newmark (1965) suggested a relatively simple deformation analysis based on a rigid 

sliding block. In this approach, the displacement of a soil mass above a slip surface is 

modeled as a rigid block of soil sliding on a planar surface. When the acceleration of 

the block exceeds a yield acceleration, ay, the block begins to slip along the plane. Any 

acceleration that exceeds the yield acceleration causes the block to slip and imparts a 

relative velocity to the underlying mass. The block continues to move after the 
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acceleration falls below the yield acceleration and until the velocity of the block 

relative to the underlying mass goes to zero. The block will slip again if the 

acceleration again exceeds the yield acceleration. This stick-slip pattern of motion 

continues until the accelerations fall below the yield acceleration and the relative 

velocity drops to zero for the last time. Movements in the upslope direction are 

neglected since all displacements are assumed to be one way. Limit equilibrium slope 

stability analyses are used to compute the values of yield acceleration, ay, used in 

sliding block analyses. The yield acceleration is usually expressed as a seismic yield 

coefficient, ky= ay∕g. The seismic yield coefficient is the seismic coefficient that 

produces a factor of safety of unity in a pseudo-static slope stability analysis. 

 

 

 

 

Figure 2-2: Newton’s sliding block 

 

              Resolving forces perpendicular to slip plane 

                                                    cos sinN W kW = −                                   (2-1)           
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Resolving force parallel to slip plane 

 

                                           sin cosR W kW = +                                                         (2-2) 

                                   

Weight of sliding block 

 

                                                   cosW lz =                                                               (2-3) 

 

Substituting (2-3) in to (2-1) and (2-2) 

 

                                          2cos cos sinN l k l    = −                                                 (2-4) 

  

                                           2cos sin cosT lz k lz    = +                                             (2-5) 

 

For the normal and shearing 

stresses on the slip plane 

 

                            
2cos sin cos

N
z k z

l
     = = −                                                       (2-6) 

  

                                2cos sin cosz k z     = +                                                           (2-7) 

   

Finally, for the factor of safety (total stress) 

 

   
2

2

tan ( cos sin cos ) tan

cos sin cos

resisting force c c z k z
F

driving force z k z

       

     

+ + −
= = =

+
                          ( 2-8) 

 

 

2.4. Stress-strain relationship of the soil 

The stress-strain relationship of soils, particularly granular soil, can be approximated 

by a hyperbolic curve as illustrated in Figure 2-3. The curve can be defined by two 
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parameters which are the slope at zero strain and the, asymptotes at large strains. In 

terms of soil properties, the initial slope is the small strain shear modulus Gmax and 

the asymptote being the shear strength (GEO-SLOPE International Ltd., 2007).  

 

 

Figure 2-3: Hyperbolic curve relative to τmax and Gmax 

 

When the hyperbolic curve is drawn for both negative and positive shear stresses 

and strains as in Figure 2-4, the hyperbolic curve is referred to as the backbone. 

 

 

Figure 2-4: Hyperbolic backbone curve 

 

Another key component is that when there is a stress reversal, the shape of the 

unloading curve is the same as the backbone curve with the exception that the origin 
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moves to the point of the stress reversal. Stated in another way, the shape of the 

loading, unloading and re-loading curves are all the same. In addition, the curves follow 

what are known as Masing rules (Kramer, 1996). Only Gmax and the Mohr-Coulomb 

shear-strength parameters c ΄ and  ΄ are required soil properties for the hyperbolic 

model (GEO-SLOPE International Ltd., 2007). 

 

2.4.1. Shear modulus and damping ratio 
 

Seed and Idriss (1970) prepared a proposition of curves of shear modulus and damping 

ratio for clay, sand and gravely soils and this was later re-analyzed by Seed et al. (1986) 

as shown in Figure 2-5 and Figure 2-6. A wide variety of procedures, including 

laboratory and field tests have been used to determine both shear moduli and damping 

characteristics. Direct determination of stress- strain relationship, forced vibration 

test, free vibration test, field measurement of wave velocity and analysis of ground 

response during earth quake are mentioned by Seed and Idriss (1970) as the main 

procedures. 

 

 

(a)                                         (b) 

Figure 2-5: (a) damping ratio curve for gravely soil (b) shear modulus curve for gravely 

soil 
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(a)       (b) 

Figure 2-6: (a) damping ratio curve for clay (b) shear modulus curves for clay 

  

2.5. Related researches  

Many Researches on the amplification of ground motion have been done on both 

particular and more generalized (taking typical cross section and material property) 

dams. 

Shuishen and Liyutan zoned earth dams located in Taiwan were analyzed by Chern 

(2001), Mamloo dam was also analyzed by Moayed (2008) and zoned rock fill dam 

located in the seismic zone of northern Greece was analyzed by Anastasiadis (2004). 

These researches are done to observe the ground motion amplification of a particular 

dam and no other additional experiments or parametric studies were conducted. Zou 

(2011) concluded that acceleration amplified factor at the crest (the amplified 

acceleration divided by the peak ground acceleration) decreases with an increase in 

height. 

 

 Yu (2012) reviewed case histories of earth and rock fill dam behaviors during earth 

quake and concluded that acceleration amplified factor increases more at the top 1/3 to 

1/5 area of the dam. Yu also varying the dam slope gradient has minor effect on the 

seismic response of the dam. Özener (2014) considered typical cross section and 

material property of both homogeneous and zoned rock fill dam and implicated that 

the as dam height increases the amplification decreases and an increase in peak ground 
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acceleration leads to a decrease in amplification. And concerning deformation, Kramer 

(1996) suggested that a ground motion of short duration may not produce enough load 

reversals for damaging response to build up in structure , even if the amplitude of the 

motion is high. Kramer also added that there is reduction of amplitude (acceleration) 

due to spreading of the energy over a greater volume of material and is reffered to as 

radiation damping (also as geometric damping and geometric attenuation). 

 

The researchs mentioned above does not include the effect of the foundation on the dam 

and vise versa.  
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CHAPTER 3 - MATERIAL MODEL, MATERIAL PROPERTY 

AND METHODOLOGY 

3.1. General Work flow of the study 

The study conducted in this research can be summarized by the flowchart shown in 

Figure 3-1. 

 

 

Dam response 

analysis 

Defining 

geometry

Acquisition of 

material 

property 

Selection of 

ground motion

Analysis 

Output

SEEP/W

SLOPE/W

QUAKE/W

SIGMA/W

GeoStudio 

analysis

 

Figure 3-1: General work flow 
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The flow chart in Figure 3-1 shows the procedure required to accomplish the objective                             

of this study. The chart shows four major parts that are discussed below. 

1) Defining geometry – this section involves selecting an acceptable dimension for 

static stability and to meet seepage criteria of the zoned earth dam and to fulfill 

the required factor of safety. 

2) Assigning of material property – assigning static and dynamic soil properties that 

represent the type of material used in zoned earth dam. 

3) Ground motion selection – this refers to the selection of ground motions that are 

used as input for the FEM software. Known earthquakes with certain unique 

behaviors are selected. 

4) Software analysis – this part involves analyses of the embankment dam through 

four integrated sub divisions that perform FEM analysis using different software 

under the GeoStudio package. Dam cross-section, material property and ground 

motion are used as input for this section. 

 

3.2. Model and Parts 

A finite element model needs a simplified geometry that represents actual field 

conditions. Including all surface irregularities is unnecessary in most situations, as 

doing so can cause numerical irregularities in the result which distract from the main 

overall solution (GEO-SLOPE International Ltd., 2007). Figure 3-2 shows a simplified 

geometry for a typical zoned earth dam selected for the purpose of this study. 
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Zoned embankments take advantage of the availability of various materials. A zoned 

earth fill dam commonly comprises of a central impervious core flanked by upstream 

transition zones, downstream filters and drains, and then outer zones or shells 

composed of gravel-fill, rock-fill, or random-fill, which are considerably stronger than 

the core. Depending on the gradation of available materials, transition zones may not 

be necessary (Engomoen et al., 2014). But for the sake of simplicity, this study uses 

only three zones as shown in Figure 3-2 and described below:-  

 

(a) Earth-fill core - controls seepage through the dam. Mostly constructed out of fine 

materials like clay, silty clay, and sandy clay (Fell et al., 2015 ; Engomoen et al., 

2014). Clay core is used for this study. 

(b) Shell - provides stability, commonly free draining to allow discharge of seepage 

through the dam and prevents erosion. The shell is mostly constructed out of 

coarse materials such as rock fills (for rock fill dams), sandy gravels and gravely 

sand (for earth-fill dams) (Fell et al., 2015 ; Engomoen et al., 2014). Sandy-gravel 

shale is hence used for this study. 

 

Figure 3-2: Simplified dam Model considered 
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(c) Foundation - a material having adequate strength to support the embankment. 

For this study, two types of foundations are used, a rock foundation and a sandy 

gravel foundation, to observe the effect of foundation stiffness on dam response. 

3.3. Geometry 

There is no fixed geometry for a dam. Height depends on the amount of water one wants 

to retain. While side-slopes depend on the type of soil used, and freeboard depends on 

the fetch length, climate condition of the area. So it is mostly dependent on location 

and for what the dam is intended to be used for. Since this study is not about a specific 

dam, recommended dimensions are taken from literature and common dam designs. 

Later on it will be checked for seepage and static stability so the dimensions can be 

acceptable. Each main dimension of the dam is described in this sub-section. 

1. Dam height (H) 

This study is not about a particular dam and there is a need to see the effect of different 

dam heights on the amplification of ground motion. Basing this study on ICOLD’s 

(1974) definition of large dams (>15 m) as sited by (Fell et al., 2015), three different 

dam heights of 50m, 150m and 250m are selected with the aim of representing different 

heights within the “large-dams” category. 

2. Core height (h) 

In zoned dams the core height is usually limited to few meter below the crest. The top 

of the impervious core should be at or above the maximum reservoir water surface. 

This is because impervious zones extending to the top of the dam are subjected to 

damage by desiccation and frost action, which causes loosening and cracking of the soil 

(Engomoen et al.,2014). For this analysis a core height is taken to be equal to the 

maximum water surface level. The maximum water level is the total height of the dam 

minus the freeboard, where the freeboard is the vertical distance between a specified 

reservoir water surface level and the crest of the dam. Most of the hydraulic failures of 

earth dams have occurred due to overtopping of dams. Because of this, the freeboard 

must be sufficient enough so as to avoid any possibility of overtopping (Fell et al., 2015). 

U.S.B.R (2012) recommends a freeboard greater than 3 percent of the embankment 

height to avoid potential seismic failure. A freeboard board of 4m, 6m and 8m and a 
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corresponding core heights of 46m, 144m and 242m for 50m, 150m, and 250m 

respectively have been used for the models.  

3. Foundation depth (DF) 

Soils to be homogeneous for a longer depth is uncommon. There will be different layers 

of different soils as a dam foundation and the depth of investigation for the different 

dam height will defer. However, to iterate mesh size and to observe the effect of the 

foundation on different dam heights, the foundation depth must be fixed for every dam 

height. After observing a foundation depth from other studies on constructed dams an 

average depth of 50m has been used for this study.  

4. Side boundary 

In order to minimize the disturbance due to the boundary-related wave reflection, an 

appropriate distance of the side boundary from the dam toe must be fixed; from 

different literature and research report, it is usually taken to be 2-3 times the dam 

height  (Seged and Haile, 2010; Gikas and Sakellariou, 2008; Gopal and Kumar, 2014). 

The side boundaries are taken to be 3 times the dam height for this study.  

5. Crest width 

The crest width has no appreciable influence on the overall stability of a dam and is 

determined by the minimum practicable width for construction purposes, and possible 

other requirements (Fell et al., 2015). Any earth fill zone should be at least 3 m wide 

at the crest to allow compaction with normal rollers. No dam should have a crest width 

less than 3 m so as to allow vehicular access for maintenance purposes ( Fell et al. 

2015). 

 

In this analysis core top widths of 3m, 4m and 5m are taken for the 50m, 150m and 

250m dam heights, respectively. Filters are mostly used in zoned dams, the width of 

the filter should be considered and added to the core top width to give the overall crest 

width, taking 2.5m, 3m and 3m for the 50m, 150m, and 250m dam heights respectively 

in both sides of the core (Fell et al. 2015; United States Department Of Interior, 1987). 

By this the overall crest width would be 8m, 10m and 11m for 50m, 150m and 250m 

dam heights respectively. 

 



                                                                                                

  22 

 

 

 

6. Slope 

The upstream and downstream side-slopes should be designed as to be stable under 

worst condition of loading. These critical conditions occur for the upstream slope during 

sudden draw-down of reservoir, and for the downstream slope during steady seepage 

under full reservoir. The upstream and downstream slopes should be flat enough, so as 

to provide sufficient base width at the foundation level, such that the maximum shear 

stress developed remains well below the corresponding maximum shear strength of the 

soil (Garg, 1980) . Fell (2015) recommended base line minimum acceptable factors of 

safety of 1.5 for downstream slope when  reservoir is at full supply level. 

 

In earth and rock fill dams, inclination of upstream slope can range from very flat 

(1V:3H) to very steep (1V: 1.4H) and those of a downstream slopes from 1V:2.5 H to 

1V:1.2H (Khanna et al., 2017). The side-slopes depend upon various factors such as the 

type and nature of the dam, foundation material, height of dam, and dam material 

property. The recommended values of side slopes of 3H: 1V for upstream and 2.5H: 1V 

for downstream are given by Terzaghi (Garg,1980). Slopes of 2.5H: 1V for the 

downstream and 3H: 1V for the upstream side of the dam are used in this analysis. 

  

If the thickness of the core inside an earth dam is increased beyond a critical value, it 

can cause a decrease in stability of downstream slope. A critical core thickness at the 

bottom of the dam ranges from 50% to 150% of dam height for different values of 

relative strength, pore water ratio and height of dams (Khanna et al., 2017). A 

recommended Slope of 0.3H: 1V has been used for the core which makes the core 

thickness 60% of the dam height. 

3.4. Finite Element Formulation in GeoStudio 

Integrated GeoStudio software allows us to combine multiple analyses using different 

products into a single modeling project. New analyses can be easily created by cloning 

an existing analysis and adjusting its properties. When the model is ready to be 
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analyzed, GeoStudio solves the analyses in the appropriate order. The result from one 

analysis can be used as an input for another one. This kind of approach can be used to 

model construction sequences, establish initial conditions, and perform sensitivity 

analyses, model complex time sequences and more manageable analysis (GEO-SLOPE 

International Ltd., 2007). GeoStudio contains eight analysis types that can be 

integrated with one another, out of these, four have been used for this study: 

▪ SEEP/W- for the analysis of seepage and identification of phreatic line, 

▪ SLOPE/W- for analyzing the static slope stability of the dam, 

▪ QUAKE /W- to analyze the static load effect and dynamic response of the dam, 

▪ SIGMA /W- to analyze the deformation caused by the ground motion. 

Each analysis has been used according to the GeoStudio manual is briefly discussed in 

the following subsection (GEO-SLOPE International Ltd., 2007). 

 

3.4.1. Seepage analysis using SEEP/W  
 

Flow quantity is often considered to be the key parameter in quantifying seepage losses 

from a reservoir or determining the amount of water available for domestic or 

industrial use. The pore-water pressure, whether positive or negative, has a direct 

bearing on the shear strength and volume change characteristics of the soil. SEEP / W 

is based on the following formulation: 

 

                                    x y

y

H H
k k Q

x x y t

      
+ + =  

       
                                              (3-1) 

        

Where: 

 

 

 

 

 

 

 

 H = total head  

xk = hydraulic conductivity in the x-direction 

yk = hydraulic conductivity in the y-direction 

Q  = applied boundary flux 

  = volumetric water content 

t  = time 
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The hydraulic conductivity is a function of volumetric water content, which in turn is 

some function of pore-water pressure. The ability of a soil to transport or conduct water 

under both saturated and unsaturated conditions is reflected by the hydraulic 

conductivity function (GEO-SLOPE International Ltd., 2007). 

 

3.4.1.1. Analysis Types 

There are two fundamental types of finite element seepage analyses: steady-state 

analysis and transient analysis. In steady-state analysis the pore pressure condition is 

estimated for long term steady-state situation. Transient seepage analysis, on the other 

hand, is carried out in a changing condition of pore-water pressure. It is changing 

because it considers how long the soil takes to respond to the user specified boundary 

conditions.  

Dams experience steady-state seepage for long portion of their life time, hence the 

probability of experiencing an earthquake will be higher within this period. This study 

assumes the dam to be in steady-state condition.   

3.4.1.2. Material models and properties 

 

There are four different material models to choose from when using SEEP/W. A 

summary of two of the models and the required soil properties are given below. 

 

Material models in SEEP/W  

“Saturated-only” and “Saturated/Unsaturated” model are the two main material 

models in SEEP/W. The “Saturated-only” soil model is very useful for quickly defining 

a soil region that will always remain below the phreatic surface, but it should not be 

used for soils that will at some point during the analysis become partially saturated. If 

this model is considered, it would mean that the unsaturated zone can transmit the 

water at a similar rate as that of a saturated soil. This will result in an overestimation 

of flow quantity and an unrealistic water table. If there is any doubt about which model 

to choose for a soil region, one should select the “Saturated/Unsaturated” model (GEO-

SLOPE International Ltd., 2007) soil properties required for saturated/unsaturated 

are listed as follows:- 



                                                                                                

  25 

 

 

▪ Hydraulic saturated conductivity (ksat) 

▪ Saturated water content 

▪ Coefficient of compressibility(mv) 

This study uses Saturated/Unsaturated material model since it has unsaturated zone 

above the phreatic line. 

3.4.2. Slope stability analysis using SLOPE/W 
 

SLOPE/W is a limit equilibrium method software package and has different methods 

available for slope stability analysis. The differences between the methods are the 

equations of statics that are included and satisfied, whether the interslice forces are 

included and the assumed relationship between the interslice shear and normal forces. 

3.4.2.1. Analysis type 

Limit equilibrium analyses applied in practice should at the very least use a method 

that satisfies both force and moment equilibrium such as the Morgenstern-Price or 

Spencer method. With software such as SLOPE/W, it is just as easy to use one of the 

mathematically more rigorous methods as to use the simpler methods that only satisfy 

some of the statics equations. Simpler methods that do not include all interslice forces 

and do not satisfy all equations of equilibrium sometimes can err on the unsafe side. 

This methods are included in SLOPE/W for “historic reasons and teaching purposes” 

(GEO-SLOPE International Ltd., 2007). 

 

There are around 14 methods to calculate factor of safeties in SLOPE/W; among these 

methods Morgenstern-Price and Spencer methods include all interslice forces and 

satisfy all equations of statics. The Morgenstern-Price method considers both shear 

and normal interslice forces, satisfying both moment and force equilibrium and allows 

for a variety of user-selected interslice force function, whereas Spencer method 

assumes a constant interslice force function. Hence, Morgenstern-Price method has 

been used in the present study. 
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How the interslice shear forces are handled and computed is a fundamental point. The 

Morgenstern-Price and General Limit equilibrium (GLE) methods allow for user-

specified interslice functions. Some of the functions available are the constant, half-

sine, clipped-sine, trapezoidal and data-point specified. The most commonly used 

functions are the constant and half-sine functions (GEO-SLOPE International Ltd., 

2007). 

 

SLOPE/W (2007) by default uses the half-sine function for the Morgenstern-Price and 

GLE methods. The half-sine function tends to concentrate the interslice shear forces 

towards the middle of the sliding mass and diminishes the interslice shear in the crest 

and toe areas. Hence, the half-sine function method has been used in the present study. 

 

3.4.2.2. Material models and properties 

Out of 14 material models presented in SLOPE/W, two are used for stability analysis. 

Mohr-Coulomb for the soil and Bed Rock-Impenetrable for the rock. 

 

1. Mohr-Coulomb model 

The most classic way of describing the shear strength of geotechnical materials is by 

Coulomb’s equation which is: 

                                             tannc  = +                                                                                  (3-2 ) 

 

Where: 

      = shear strength 

     c = cohesion 

   n = normal stress on shear plane  

      = angle of internal friction 

 

This equation represents a straight line on a shear strength versus normal stress 

Plot as shown in Figure 3-3 .The intercept on the shear strength axis is the cohesion 

(c) and the slope of the line represents the angle of internal friction( ).  
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Figure 3-3: Graphic representation of coulomb shear strength equation 

 

The strength parameters c and   can refer to total strength parameters or effective 

strength parameters. SLOPE/W makes no distinction between these two sets of 

parameters. The user must decide which set is appropriate for a particular analysis. 

From a slope stability analysis point of view, effective strength parameters give the 

most realistic solution, particularly with respect to the position of the critical-slip 

surface. When using only undrained strengths in a slope stability analysis, the position 

of the slip surface with the lowest factor of safety might not necessarily be close to the 

position of the actual slip-surface if the slope should fail (GEO-SLOPE International 

Ltd., 2007). 

 

Soil properties required for the model 

▪ Unit weight  

▪ Cohesion  

▪ Angle of internal friction 

▪ Volumetric water content 

2. Bed Rock-Impenetrable model 

The Impenetrable strength option is really not a strength model, but a flag for the 

software to indicate that the slip-surface cannot enter this material. It is an indirect 

mechanism for controlling the shape of trial slip-surfaces. This rock model type is also 

sometimes referred to as bedrock (GEO-SLOPE International Ltd., 2007). 
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3.4.3. Dynamic analysis using QUAKE/W 
 

This topic discusses the properties that can be used in QUAKE/W to describe 

the soil. Generally, there are two groups of properties in this context; one is related to 

the soil stiffness and the other group is related to the generation of excess pore-

pressures. The most common soil property in a dynamic analysis is the shear modulus, 

G. There are several ways in QUAKE/W to specify G and how G is affected by cyclic 

stresses. Closely related to the soil stiffness is damping which is the soil’s ability to 

dissipate energy associated with seismic waves. Many of the properties related to the 

generation of excess pore-pressures are not constants, but they are functions of various 

variables (GEO-SLOPE International Ltd., 2007). 

3.4.3.1. Analysis Type 

There are basically four types of analyses available in QUAKE/W 

▪ Initial Static 

▪ Equivalent Linear Dynamic 

▪ Equivalent Linear PWP Only 

▪ Nonlinear Dynamic 

Static loading of the dam is considered in “Initial static” analysis. On the other hand, 

“Equivalent Linear Dynamic” analysis is used for dynamic analyses. If the user wants 

to re-compute the magnitude of excess pore-pressure without repeating the “Equivalent 

Linear dynamic” analysis, “Equivalent linear PWP Only” analysis can be selected. 

“Nonlinear dynamic” analysis requires additional material properties and/or 

parameters which makes it difficult to define in this study, since it is not for a 

particular site provided with soil investigation and laboratory results.  

Out of the four analysis, this study uses initial static and equivalent linear dynamic 

analysis type of analysis and discussed as follows. 
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1. Initial static  

In a QUAKE/W analysis it is always necessary to establish the initial insitu stress 

conditions before conducting dynamic analysis. Material properties like the shear 

modulus (G) are usually functions of the effective stress in the ground. Other variables 

like the Cyclic Stress Ratio are based on the initial effective stresses. Consequently, it 

is essential to know the initial state of stress in the ground before starting the dynamic 

analysis. Establishing the static insitu stresses is a separate step in QUAKE/W. In an 

initial static analysis, QUAKE/W uses the specified Poisson’s ratio ( ) and a specified 

total unit weight. All other specified soil properties, including the soil stiffness (G) are 

considered not in the Initial Static analysis as this context is limited with static 

condition (GEO-SLOPE International Ltd., 2007). 

2. Equivalent Linear Dynamic  

Performing a dynamic analysis is the main essence of using QUAKE/W. It is that part 

of the analysis that models the response of an earthen structure to some kind of 

oscillating or sudden impulse force – forces such as those that arise from earthquake 

shaking or blasting. In relation to earthquakes, the dynamic driving forces are the 

seismic forces associated with earthquake shaking.  A time-history can be specified for 

the horizontal and vertical directions (GEO-SLOPE International Ltd., 2007). 

QUAKE/W 2007 is formulated in such a way that the motion of the structure or domain 

is relative to some kind of specified displacement. Often a good portion of the boundary 

is specified as being fixed. For all QUAKE/W analyses, there must be specified 

displacements in order to compute a solution. It is numerically not possible to obtain a 

finite element solution if there are no specified displacements (GEO-SLOPE 

International Ltd., 2007). The left and right boundaries of the foundation are 

constrained in the vertical direction, to allow a horizontal free movement of the soil 

along with the ground motion, and the bottom is fixed while performing this analysis. 
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3.4.3.2. Material model and properties 

 

There are three main different material models to choose from when using QUAKE/W. 

▪ Linear model 

▪ Equivalent-Linear model 

▪ Non-linear model 

 

Linear-elastic material properties generally do not produce realistic dynamic responses 

for actual field problems for the Treating the soils as linear-elastic usually results in 

amplifications that are too high. Non-linear analyses, using either the Equivalent-

linear or truly Non-Linear formulation, are required to obtain meaningful responses 

from a dynamic analysis of actual field problems (GEO-SLOPE International Ltd., 

2007). 

 

Out of the three material models equivalent linear model is used for this study. 

Equivalent Linear model starts a dynamic analysis with the specified soil stiffness. 

QUAKE/W (2007) steps through the entire earthquake record and identifies the peak 

shear strains at each Gauss numerical integration point in each element. The shear 

modulus is then modified according a specified G reduction function and the process is 

repeated. This iterative procedure continues until the required G modifications are 

within a specified tolerance.  

 

Soil properties required  

 

• Unit weight, Poisson’s ratio, 'c and  ΄ 

• Damping ratio constant or function  

•  ak and sk  functions 

• Pore-water pressure function 

• G reduction function 

• Gmax constant or function 
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3.4.3.3. Mesh generation 

 

Discretization or meshing is one of the three fundamental aspects of finite element 

modeling, where the other two are defining material properties and boundary 

conditions. Discretization involves defining geometry, distance, area, and volume. It is 

the component that deals with the physical dimensions of the domain (Rao, 2004). 

In GeoStudio (2007), all meshing is fully automatic. When a geometric region or line is 

initially drawn it is by default un-meshed. A default mesh is generated for the soil 

regions when one first uses the Draw-Mesh Properties command, with a modification 

option. Mesh density can be specified as a real length unit, as a ratio of the global mesh 

size, or as the number of divisions along a line edge. Generally, however, it is 

recommended to limit altering the mesh to changing the global density and then, if 

necessary, at a few limited locations where finer or coarser density is needed (GEO-

SLOPE International Ltd., 2007). 

 

Out of 5 mesh types and patterns available in the Geo-Studio package, the following 

two are widely used and fits the model for this study.  

 

1. Structured mesh 

It is called structured mesh because the elements are ordered in a consistent pattern 

and are of only two shapes and size. A structured mesh for a non-symmetrical geometry 

shape requires that several soil regions are created and the meshing is controlled 

within each region. This is likely to accomplish more work and will not yield a 

significant improvement in results. A structured mesh is created using either a 

rectangular grid of quads or a triangular grid of quads/triangles (GEO-SLOPE 

International Ltd., 2007). 

 

2. Unstructured quad and triangle mesh 

A fully structured mesh may require several regions to be defined so that one can 

control the meshing at a detailed level in order to maintain structure. GeoStudio has 

meshing pattern available that will automatically generate a well-behaved 
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unstructured pattern of quadrilateral and triangular elements. GeoStudio manual 

recommends this mesh option should be the first one to choose as it will meet the needs 

in most cases (GEO-SLOPE International Ltd., 2007). 

 

By the recommendation of the software manual and by observing what is fit for the 

shape of the dam, the unstructured quad and triangle mesh has been used for this 

study as shown in the Figure 3-4 . 

 

 

Figure 3-4: Unstructured quad and triangle mesh 

 

An appropriate finite element mesh is problem-dependent and consequently, there 

are no hard and fast rules for how to create a mesh. In addition, the type of mesh 

created for a particular problem will depend on the experience and creativity of the 

user. However, according to GeoStudio 2007 manual there are some broad guidelines that 

are useful to follow (GEO-SLOPE International Ltd., 2007).  

 

The size of an element directly influences the convergence of the solution directly and hence 

has to be chosen with care. Although an increase in the number of elements generally 

means more accurate results for any given problem, there will be a certain number of 

elements beyond which the accuracy cannot be improved by any significant amount. 

Furthermore, the use of elements of smaller size will also mean more computational time 
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as more elements implies more degrees of freedom to the process, which will demand more 

computer memory (Rao, 2004). 

 

It is recommended to use as few elements as possible at the start of an analysis. It is seldom 

necessary to use more than 1000 elements to verify concepts and get a first approximate 

solution. QUAKE/W modeling and analysis can be unmanageable if the mesh gets too large. 

There is not a specific limit in QUAKE/W on mesh size, but for practical reasons meshes 

generally should not be much greater than about a 1000 elements (GEO-SLOPE 

International Ltd., 2007). The mesh number should be selected to answer a specific 

question, and it should not include features that do not significantly influence the system 

behavior. This is particularly true for a multi-time step dynamic analysis (GEO-SLOPE 

International Ltd., 2007) .                                                                                                                                                                                

  

Having the recommendations in mind, it was appropriate to find the balance between 

the number of elements and the computational time for the model used in this study. 

Six samples were selected, a typical ground motion of higher and lower PGA values, 

were analyzed in QUAKE/W after going through both SEEP/W and SLOPE/W analyses 

with the same property and size but different number of elements. Table 3-1 shows the 

trial mesh setting used to compare number of elements and computational time. 

Table 3-1 - Mesh setting for each height of the dam. 

 

Dam Height 
Global Element 

size 

Number of 

Nodes 

Number of 

Elements 

Time taken 

for QUAKE/W 

analysis 

50m 
5m 1603 1529 20min-40min 

3m 4326 4145 4hr-5hr 

150m 
10m 1683 1493 20min-40min 

6m 4369 4138 4hr-5hr 

250m 
15m 1556 1387 20min-40min 

9m 4149 4149 5hr-6hr 
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The results for maximum acceleration and their respective locations in the analysis 

with higher number of elements were identical to that of the lower number of elements. 

However, higher number of elements took longer computational time, therefore mesh 

that is generated by setting the smaller number of elements is used for this study.  

 

3.4.3.4. Time step 

Stepping through the acceleration time history is inherent to the direct integration 

method used in the QUAKE/W formulation. Due to the dramatic, very sudden changes 

in motion it is necessary to step though the time history in small steps. 

Earthquake shaking often lasts a few seconds and to capture all the characteristics of 

the motion, the time steps must be fractions of a second. A typical value is two 

hundredths (0.02) of a second. This consequently results in a large number of time 

steps (GEO-SLOPE International Ltd., 2007). 

 

Smaller time steps are more accurate, but require considerably more computing time 

and can also produce substantially more data. As with all numerical analyses, it 

necessary to try to maintain a balance between numerical objectives and practical 

consequences such as computing time and the volume of data created (GEO-SLOPE 

International Ltd., 2007). 

 

There are no firm rules on selecting time step sizes. Conceptually, the time steps should 

be such that most of the peaks and sudden changes are approximately captured. To 

assists with setting up an appropriate time integration sequence, QUAKE/W has a 

feature that makes it possible to develop the time integration scheme from the 

earthquake record. This is a very useful feature and the recommended procedure 

unless there is some other compelling reason to develop an alternate time stepping 

sequence. The specified change in time (time step) integration should not be longer 

than the time interval in the available earthquake record (GEO-SLOPE International 

Ltd., 2007). For instance, the acceleration data of Hachinohe record is available at an 

interval of 0.01 second, hence the time step used is 0.01 sec. 
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3.4.4. Deformation analysis using SIGMA/W 
 

SIGMA/W is a finite element software product that can be used to perform stress and 

deformation analyses of earth structures. SIGMA/W includes six different soil 

constitutive models:-  

 

▪ Linear-Elastic  

▪ Anisotropic Linear-Elastic  

▪ Nonlinear Elastic (Hyperbolic)  

▪ Elastic-Plastic (Mohr-Coulomb)  

▪ Soft Clay - Modified Cam-Clay (Critical State)  

 

For each of these models, the behavior will be different depending on whether one is 

assigning the model to a total stress, effective stress with no pressure change, or 

effective stress with pore-water pressure change categories. SIGMA/W can be used to 

compute stress-deformation with or without the changes in pore-water pressures that 

arise from stress state changes. The most common application of SIGMA/W is to compute 

deformations in earthworks such as foundations, embankments, excavations and 

tunnels (GEO-SLOPE International Ltd., 2007) 

 

3.4.4.1. Analysis Type 

 

Dynamic deformation analysis 

GeoStudio has the ability to link SIGMA/W with the output from a QUAKE/W dynamic 

analysis. An already solved analysis must be selected for an output stress when 

choosing this analysis type. The SIGMA/W model will then determine the necessary 

time stepping scheme such that an incremental load is applied for every change in 

saved output of the source file. SIGMA/W computes an incremental load vector based 

on the stress difference between two time steps. Each load step may produce some 

elastic strains and some plastic strains. It is the accumulation of the plastic strains 
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and deformations that are measure of the permanent deformation (GEO-SLOPE 

International Ltd., 2007) . 

 

3.4.4.2. Material model and properties 

 

Elastic –Plastic model 

The Elastic-Plastic model in SIGMA/W describes an elastic, perfectly-plastic 

relationship. A typical stress-strain curve for this model is shown in Figure 3-5. 

Stresses are directly proportional to strains until a yield point is reached. Beyond the 

yield point, the stress-strain curve is perfectly horizontal. 

 

Figure 3-5: Stress-Strain graph for young modulus 

 

Soil parameters required 

▪ Cohesion 

▪ E-modulus 

▪ Unit weight 

▪ Angle of internal friction 

▪ Poisson’s ratio 

▪ Dilation angle 

 

3.5. Soil Properties 

Every analysis discussed previously mention soil parameter requirements. Since this 

study is not about a specific site, the soil properties that one chooses should be 
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reasonable and representative of the soil type used. This properties are gathered from 

different engineering references and presented in this subsection. 

3.5.1. Definitions of soil properties 
 

 

1. Coefficient of compressibility  

The coefficient of volume compressibility is the slope of the volumetric water content 

function in the positive pore-pressure range .In physical terms it describes how much 

a saturated soil volume will swell or shrink for a given change in pore pressure (GEO-

SLOPE International Ltd., 2007). 

 

2. Hydraulic conductivity 

The ability of a soil to conduct water under both saturated and unsaturated conditions 

is reflected by the hydraulic conductivity function (GEO-SLOPE International Ltd., 

2007). 

 

3. Volumetric water content function 

The volumetric water content function describes the capability of the soil to store water 

under changes in matric pressures. It describes what portion or volume of the voids 

remain water filled as the soil drains. Saturated water content is used as an input to 

generate the function in SEEP/W (GEO-SLOPE International Ltd., 2007).Figure 3-6 

shows the volumetric water content verses the matric suction graph of each materials 

used. 
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Figure 3-6: Volumetric water content verses Matric suction graph 

 

4. Shear strength  

Shear strength of a soil is defined as the maximum resistance to shearing stresses 

which can be mobilized. Shear strength is usually quantified through two shear 

strength parameters: 

 

▪ apparent cohesion, c , essentially arising from the complex electrical forces 

binding clay-size particles together; 

▪ Angle of shearing resistance, , developed by interparticle frictional 

resistance and particle interlocking. 

 

Steady-state, reservoir full analysis is expressed in terms of effective stress shear 

strength parameters c’ and  '.Total stress parameters, c and  , are suitable only for a 
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short-term and approximate analysis (Novak  et al., 2007). The majority of dam 

embankment design is based on peak drained effective strength parameters (Fell et al., 

2015). 

Due to high compaction effort made during construction of zoned dams, higher values 

of c’ and  ' are considered that corresponds to stiffness of the material. Cohesion 

assigned for sandy gravel material is considered to prevent tumbling of sandy gravel 

material at the upstream and downstream face of the dam. 

 

5. Soil unit weight 

The sliding mass weight or gravitational force is applied by assigning the soil a unit 

weight. The slice cross-sectional area multiplied by the specified unit weight 

determines the weight of the slice. SLOPE/W is formulated on the basis of total forces; 

and the unit weight consequently needs to be specified as the total unit weight. Unit 

weight of the soil is the total weight of the soil divided by total volume. SLOPE/W 

allows for a separate unit weight for the soil above the water table, but the use of this 

parameter is seldom necessary (GEO-SLOPE International Ltd., 2007).  

 

Factor of safety calculations are not very sensitive to the unit weight. If the slice weight 

increases, the gravitational driving force increases, but the shear resistance also 

increases because of a higher normal at the slice base, and vice versa. Therefore, 

defining different unit weights above and below the water table usually has little effect 

on the resulting factor of safety (GEO-SLOPE International Ltd., 2007). 

3.5.2. Values of soil properties taken for the analysis 
 

The soil properties are determined by taking average values from the ranges of values 

found from reference literature that are provided in Table 3-2. 
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Table 3-2: Input material property 

 
Dam 

 
Foundation 

 

 
Core Shell 

 
PROPERTY Clay 

Sandy 

Gravel Rock 

k-Permeability [m/s] 1.00E-10 1.00E-04 1.00E-13 

Briaud, (2013); Novak et 

al. (2007) ; Budhu, (2010 );  

Bowles (1997) ; United 

states Department of 

interior (1987) 

Saturated Water 

content (m3/m3) 
0.2 0.1 0.03 

Novak et al. (2007); United 

states Department of 

interior (1987) 

mv-coefficient of 

compressibility[1/kPa] 
0.00015 0.000075 0 Novak et al. (2007) 

 -Unit weight[kN/m3] 18 20 25 
Budhu, (2010 ); Bowles 

(1997) ; Novak et al. (2007) 

c -Cohesion[kPa] 15 5 33 Briaud, (2013);Novak et al. 

(2007);Bowles (1997); 

Pariseau, (2006)  -Angle of internal 

friction[°] 
20 35 30 

  -Poisson’s ratio 0.4 0.3 0.2 

Briaud, (2013);Budhu, 

(2010);Bowles (1997) 

;Pariseau, (2006) 
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3.5.3 Dynamic soil properties 
 

1. Shear modulus [Gmax] 

The maximum/initial shear modulus is referred to as Gmax. It is considered to be a 

small-strain shear modulus and therefore the maximum value for a particular soil and 

consequently the designation Gmax. 

 

It is much more common and realistic to define Gmax as a function of the stress state in 

the soil. Generally, the soil stiffness increases with increasing in confining or 

overburden stress. To capture this behavior, Gmax values in QUAKE/W can be specified 

as functions (GEO-SLOPE International Ltd., 2007). 

 

Figure 3-7: Typical Gmax function of granular soil 

 

Figure 3-7 shows a typical Gmax function and while defining Gmax as a function, it is 

possible to insert the minimum Gmax value. Which in the case of a dam cross section 

means the Gmax value at the crest, that hasn’t been stressed with any over burden 

pressure. As it can be seen in Figure 3-7 the short straight line as the vertical effective 

stress approaches to zero. This is a useful feature for limiting or cropping the function 

which makes it possible for user to control the minimum Gmax value that will be used 
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in the analysis. The increase in Gmax due to over burden pressure starts from the 

minimum Gmax given (GEO-SLOPE International Ltd., 2007). 

 

i. Granular soils 

For granular soils the sample functions for the maximum shear modulus are based on 

the following equation 

 

                                                max 'mG k =                                                               (3-3) 

 

Typical soil modulus (K) numbers have been published for mean stresses. So to use the 

published values, QUAKE/W estimates the Gmax function using an approximate mean 

stress computed as follows:  

 

                                                '
3

v o v o v
m

k k  


+ +
=                                                   (3-4) 

 

 

Where v  is the depth is times the unit weight of the soil (overburden). ok  is the at-rest 

earth pressure coefficient or the insitu ratio of h

v




. 

 

ii. Cohesive soils 

Based on the works by Hardin & Drnevich (1972), Hardin (1978) and Mayne & Rix 

(1993), the Gmax of cohesive soils can be estimated from, 

 

                                 ( )max 2

1
625 '

0.3 0.7

k

a mG OCR P
e


 

=  
+ 

                                        (3-5) 

 

Where e is the void ratio, OCR the over-consolidation ratio and k an exponent related 

to the soil plasticity index PI and 'm  is as defined in Equation (3-3). 
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The k  exponent is computed from, 

                                                         
0.72

50

PI
k =                                                              (3-6) 

    

QUAKE/W can estimate the Gmax function by specifying a depth value for a function stress 

range together with values for OCR, e , PI, and ok . 

 

Table 3-3: Initial Gmax   value 

 
Dam 

Foundation 
 

 
Core Shell 

 
PROPERTY Clay 

sandy 

gravel Rock 

Initial Gmax 

 

25Mpa 

 

250Mpa 

 

(Constant) 

30000MPa 

Briaud(2013);Pariseau

(2006);Budhu ( 2010) 

 

Gmax functions  

 

The graphs presented in Figure 3-8,Figure 3-9 ,Figure 3-10 and Figure 3-11 are  Gmax 

functions generated by the software according to their height, soil type and initial Gmax  

value that are used for this analysis. 
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(b) 

Figure 3-8: Gmax function for 50m high dam – (a) clay (core) and (b) sandy gravel (shell) 

 

(a) 

 

(b) 

Figure 3-9: Gmax function for 150m high dam – (a) clay (core) (b) sandy gravel (shell) 

200000

250000

300000

350000

400000

450000

500000

550000

600000

650000

0 250 500 750 1000

G
m

a
x
 (

k
P

a
)

Effective Stess(kPa)

Sandy Gravel  (Shell)

10000

110000

210000

310000

410000

510000

610000

0 500 1000 1500 2000 2500 3000

G
m

a
x
 (

k
P

a
)

Effective Stess(kPa)

Clay (Core)

200000

300000

400000

500000

600000

700000

800000

900000

1000000

0 500 1000 1500 2000 2500 3000

G
m

a
x
 (

k
P

a
)

Effective Stess(kPa)

Sandy Gravel (Shell)



                                                                                                

  45 

 

 

 

 

(a) 

 

 

(b) 

Figure 3-10: Gmax function for 250m high dam – (a) clay (core) (b) sandy gravel (shell) 
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Figure 3-11: Gmax function for 50m deep sandy gravel foundation 

 

2. G-reduction function 

A soil subjected to dynamic stresses tends to ‘soften’ in response to a cyclic shear strain. 

In the Equivalent Linear soil model, this softening is described as a ratio relative to 

Gmax. This is called a G-reduction function. The cyclic shear strain comes from the finite 

element analysis. The computed shear strain together with the function and the 

specified Gmax are used to compute new G values for each of the iterations (GEO-SLOPE 

International Ltd., 2007). 

 

As with all the material property functions in QUAKE/W, it is not a must to use the 

samples or estimating features. It is possible to define a function by entering data 

points that are obtained from some other sources. 

 

For this study the soil G-reduction function curve is obtained from Seed and Idriss 

(1970). Getdata graph digitizer  is  used to retrive the G-reduction curve from Seed and 

Idriss (1970) and are presented in Figure 3-12. For the rock foundation, inbuilt G-

reduction curves in SHAKE 2000 is directly used and presented in Figure 3-13. 
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(a) 

 

(b) 

Figure 3-12: G-reduction function traced from Seed H.B. and Idriss, soil moduli and 

damping factor for dynamic response (1970). (a) Clay, (b) sandy gravel 
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Figure 3-13: G-reduction function for rock taken from SHAKE 2000 

 

3. Damping Ratio 

As with Gmax, the damping ratio in QUAKE/W can be specified as a constant or as a 

function. The damping ratio is a function of the cyclic shear strain, the same as the G-

reduction function.  

 

Like in the case with G-reduction curve, it is not a must to use the samples or 

estimating features. It is possible to define a function by entering data points that are 

obtained from some other source. 

 

For this study the soil damping ratio curve is obtained from Seed and Idriss, (1970). As 

in the G-reduction curve,  Getdata graph digitizer  is  used to retrive the damping curve 

from Seed and Idriss (1970) and are presented in Figure 3-14. For the rock foundation, 

inbuilt damping ratio curve in SHAKE 2000 is directly used and presented in Figure 

3-15. 
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(a) 

 

(b) 

Figure 3-14: Damping ratio function traced from Seed H.B. and Idriss, soil moduli and 

damping factor for dynamic response, 1970. (a) Clay, (b) sandy gravel 
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Figure 3-15: G-reduction function for rock taken from SHAKE 2000 

 

4. Elastic-modulus (E)  

The soil stiffness modulus, E, can be specified as a constant or as a function of the 

effective overburden stress.  

                                                      ( )'
n

mE k =                                                             (3-7) 

 

Where k soil property and n  is an exponent 
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v o v o v
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

+ +
=                                                       (3-9) 

 

Table 3-4 shows values of k  and n  that are presented in Duncan et al. (1980) after 

extensive laboratory testing programs carried out on a wide range of soils in University 

of California (GEO-SLOPE International Ltd., 2007). 
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Table 3-4: soil stiffness properties presented by Duncan et al. (1980) taken from                   

Idriss and Duncan (1988). 

  

Unified 

classification 
  (kN/m3) k  n  

GW,GP,SW,SP 

16.48 - 23.5 600 0.4 

15.7 - 22.7 450 0.4 

14.91 - 21.9 300 0.4 

14.13 - 21.2 200 0.4 

SM 

17.27 - 21.2 600 0.25 

16.48 - 20.4 450 0.25 

15.7 - 19.6 300 0.25 

14.91 - 18.8 150 0.25 

SM-SC 

18.05 - 21.2 400 0.6 

17.27 - 20.4 200 0.6 

16.48 - 19.6 150 0.6 

15.7 - 18.8 100 0.6 

CL 

18.05 - 21.2 150 0.45 

17.27 - 20.4 120 0.45 

16.48 - 19.6 90 0.45 

15.7 - 18.8 60 0.45 

 

 

To estimate an E-modulus function in SIGMA/W, one needs to specify a maximum 

depth (high of the dam), a Kmodulus number, a ok  value and exponent n . The important 

issue is to establish the correct match between E and the overburden (vertical) stress. 
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Figure 3-16: sample E-modules function 

 

While defining E-modulus as a function, it is possible to insert the Initial or minimum 

E-modulus .Which in the case of a dam cross section means the E-modulus value at the 

crest, which is not under any over burden pressure. This means the minimum (and 

initial) value will be the first data point on the left. This is a useful feature for limiting 

or cropping the function which makes it possible for user to control the minimum E-

modulus value that will be used in the analysis. The increase in E-modulus due to over 

burden pressure starts from the minimum E-modulus given. 

 

Compatibility with Gmax must be considered while estimating the Initial E-modulus. 

Initial E-modulus values estimated using Hooke’s Stress-Strain Relation (Equation 3-

10) are presented in Table 3-5.  

 

                                        ( )( )max 2 1E G = +                                                             (3-10) 
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Table 3-5: Initial E-modulus                                

Soil Type Initial Gmax  (MPa)   Initial E-modulus(MPa) k  n  

Clay 25 0.4 70 60 0.45 

Sandy gravel 250 0.3 650 200 0.4 

Rock (constant) 

30000 

 

0.2 

(constant) 

72000 

 

 

 

E-modulus function 

The graphs Figure 3-17 to 3-20 are E-modulus functions formulated by the software 

according to their height, soil type and initial E-modulus that are used for this analysis. 
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(b) 

Figure 3-17: E-modulus function for 50m high dam – (a) clay (core) (b) sand gravel  

(Shell) 
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(b) 

Figure 3-18: E-modulus function for 150m high dam – (a) clay (core) (b) sand gravel 

(shell) 
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(b) 

Figure 3-19: E-modulus function for 250m high dam – (a) clay (core) (b) sand gravel 

(shell) 

 

Figure 3-20: E-modulus function for 50m deep sandy gravel foundation 
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use; this study is generalized and not specific for one particular place so the following 

three recorded acceleration time-histories that are recorded elsewhere having their 

own different unique features are used. 

 

▪ Imperial Valley Earthquake (1940) Elcentro record, USA ( M=6.7, H=11km,  

R=11.5km) 

                   -Multiple peaks in short period, high frequency rich motion 

 

▪ Tokachi-oki Earthquake (1968) Hachinohe record, Japan (M=7.9, H=0, 

R=200km) 

                     -Longer duration 

 

▪ Hyogoken-nanbu Earthquake (1995) Kobe JMA Record, Japan (M=7.2, 

H=14.3km, R=19km) 

                       -Short duration, big pulse 

 

Where M is ground motion magnitude, H is focal depth (distance from the epicenter to 

the focus) and R is the epicentral distance (distance from point of interest to the 

epicenter) from a near source (Haile, 1996). 

3.6.2. Peak Ground Acceleration (PGA) 
 

As recommended by the International Commission on Large Dams (ICOLD), these 

following three types of earthquakes must be considered while designing a dam and 

are described as follows:- 

 

1. Maximum Credible Earthquake (MCE)  

A Maximum Credible Earthquake (MCE) is the largest reasonably conceivable 

earthquake magnitude that is considered possible along a recognized fault or within a 

geographically defined tectonic province, under the presently known or presumed 

tectonic framework. The most severe ground motion affecting a dam site due to an MCE 

scenario is referred to as the MCE ground motion (ICOLD, 2010). 
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2. Safety Evaluation Earthquake (SEE)  

The Safety Evaluation Earthquake (SEE) also referred as maximum design 

earthquake (MDE) and design base earthquake (DBE) is the maximum level of ground 

motion for which the dam should be designed or analyzed (ICOLD, 2010). 

3. Operating Basis Earthquake (OBE)  

The Operating Basis Earthquake (OBE) represents the level of ground motion at the 

dam site for which only minor damage is acceptable. The dam, appurtenant structures 

and equipment should remain functional and damage should be easily repairable, from 

the occurrence of earthquake shaking not exceeding the OBE (ICOLD, 2010). 

 

While considering a PGA for a particular dam, we consider the seismic hazard of the 

area the dam is located. Since this study is not about a particular area, it’s based on 

the earthquake levels described above and other previous studies on ground motions. 

A PGA values of 0.05g, 0.15g and 0.3g are taken for this study as an amplitude of the 

ground motions considered with the aim of representing lower, medium and higher 

PGA values. 

 

Acceleration time history of the three motions scaled to a PGA of 0.05g, 0.15 g and 0.3g 

are plotted in Figure 3-21, Figure 3-22 and Figure 3-23. And to view their frequency 

content, their spectral acceleration is shown in Figure 3-24. Smoothed Fourier 

amplitude is also presented in Figure 3-25, narrow spectrum implies that the motion 

has “dominant frequency” and a broad spectrum relates to motion that contains 

“variety of frequencies that produce a jagged, irregular time history” (Kramer, 1996). 
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(b) 

 

(c) 

 

Figure 3-21: Imperial Valley Earthquake (1940) Elcentro Record (Haile, 1996), (a) 

scaled to PGA of 0.05g ,(b) scaled to PGA of 0.15g, (c) scaled to PGA of 0.3g 
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(b) 

 

(c) 

 

Figure 3-22: Hyogoken-nanbu Earthquake (1995) Kobe JMA Record (Haile, 1996), (a) 

scaled to PGA of 0.05g ,(b) scaled to PGA of 0.15g ,(c) scaled to PGA of 0.3g 
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(b) 

 

 (c) 

 

Figure 3-23: Tokachi-oki Earthquake (1968) Hachinohe Record (Haile, 1996), (a) scaled 

to PGA of 0.05g ,(b) scaled to PGA of 0.15g ,(c) scaled to PGA of 0.3g 

 

 

 

Figure 3-24: Spectra acceleration of Kobe, Hachinohe and Elcentro ground motion 
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Figure 3-25: Smoothed Fourier amplitude Kobe, Hachinohe and Elcentro ground 

motion. 

3.7. Staged/multiple analysis in GeoStudio 

As mentioned in section 3.4, components of GeoStudio package can be integrated and 

for this study, the four type of analysis described before are integrated.  

 

The first is SEEP/W for the seepage analysis in which the result will be the parent 

analysis for the SLOPE/W, which will analyze the slope stability. The result of the 

SEEP/W and SLOPE/W is to check the stability of the dam under static condition. The 

results for both are presented in the chapter four. The result from SLOPE/W is used as 

a parent analysis for the initial static analysis which will, in turn, be the parent 

analysis of the QUAKE/W dynamic analysis. To see the permanent deformation on the 

dam caused by the effect of the motions, SIGMA/W analysis is performed using the 

result of QUAKE/W as a parental analysis. A clear and step by step process is shown 

in Figure 3-26. 
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Analysis Type- steady-state seepage
Material model-Saturated /Unsaturated

Parental analysis-SEEP/W, Steady-state seepage
Analysis Type-Morgenstern price
Slide function- Half -sin function
Material model-Mohr-coulomb

SEEP/W

SLOPE/W

QUAKE/W

Parental analysis-SEEP/W ,steady-state seepage
Analysis type-Initial static
Initial pwp condition- Parental analysis[steady-state seepage]
Material model-Equivalent Linear model

Initial Static

Parental analysis-Initial Static
Analysis type-Equivalent Linear dynamics
Initial pwp condition- parental analysis[steady-state seepage]
Material model-Equivalent Linear model

Equivalent Linear dynamic

Parental analysis-Dynamic QUAKE/W
Analysis type-Dynamic Deformation 

Initial pwp condition- parental analysis[Dynamic QUAKE/W]
Material category-Total stress parameter

Material model-Elastic-Plastic

SIGMA/W

 

Figure 3-26: Staged multiple analysis in geo studio 
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CHAPTER 4 - ANALYSIS RESULT AND DISCUSSION 

4.1. Analyzed dam Model and combination of analysis  

The dam cross-section has been modeled on GeoStudio 2007 in such a way that it is 

founded on two different foundations as shown in Figure 4-1. 

 

 

(a) 

 

(b) 

Figure 4-1: Model of dam cross-section on, (a) Rock foundation, (b) Sandy gravel 

foundation 

 

Clay [core] 

Sandy Gravel [shell] 

Rock [Foundation] 

Clay [core] 

Sandy Gravel [shell] 

Sandy Gravel [Foundation] 
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The dynamic analyses are conducted as per the flow chart in Figure 4-2. Here, four 

parameters – dam height, foundation type, ground motion and PGA – have been 

selected from among other parameters that one can employ for comparison purposes. 

The results are presented in the following manner:- 

-The three PGA [0.05g, 0.15g and 0.3g] are used as control variable and shown on every 

result. 

-The model has two major parts, the foundation and the dam. The results for the effect 

of ground motion on both have been presented separately in the following order:- 

1. Comparison of amax value for the foundation  

•  Variation of amax values with respect to different ground motions. 

•  Variation of amax values with respect to different foundation types. 

•  Variation of amax values with respect to different dam heights. 

2. Comparison of amax value for the dam 

• Variation of amax values with respect to different ground motions. 

•  Variation of amax values with respect to different foundation types. 

•  Variation of amax values with respect to different dam heights. 

3. Summary of amax values 
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Figure 4-2: Analysis combinations 

 

For one dam height there are two types of foundations, three types of ground motions 

and three peak ground accelerations, which gives 18 analyses. Since three dam heights 

are used in this study, altogether it becomes 54 analyses. 
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4.2. Seepage (SEEP/W) analysis results 

Having modeled the dam using SEEP/W and inserting the necessary hydraulic 

parameters, the results of the analysis are shown in Figures 4-3, Figure 4-4 and Figure 

4-5 for different height and foundation type. It can be seen that the phreatic line does 

not cross the downstream slope; and it is worth mentioning that below the phreatic line 

prevails positive pore water pressure while above it is the negative pore water pressure. 

The generated pore pressure from SEEP/W is taken to SLOPE/W for stability analyses. 

The models are analyzed with a slope of 3H: 1V for upstream, 2.5H: 1V for downstream 

and a core slope of 0.3H: 1V with 50m deep foundation.  

 

(a) (b) 

Figure 4-3:  Seepage analysis results for 50m high dam on top of - (a) Rock foundation 

(b) Sandy gravel foundation 

 

                            (a)                                                                      (b) 

Figure 4-4: Seepage analysis results for 150m high dam on top of - (a) Rock foundation 

(b) Sandy gravel foundation 
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 (a)                                                                      (b) 

Figure 4-5: Seepage analysis results for 250m high dam on top of  - (a) Rock foundation 

(b) Sandy gravel foundation 

4.3 Slope stability (SLOPE/W) results 

The stability of the dam has been analyzed using SLOPE/W which is based on limit 

equilibrium. The stability analyses was conducted in order to determine the factor of 

safety for three different heights of the dam on two different foundations. Figure 4-6, 

to Figure 4-11 show factor of safeties for both downstream and upstream slopes under 

static condition. 

 

(a)                                                           (b) 

 Figure 4-6: Slope stability results of 50m high dam on a rock foundation – (a) 

downstream slope (b) upstream slope 
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                                    (a)                                                               (b) 

 Figure 4-7: Slope stability results of 50m high dam on a sandy gravel foundation – (a) 

downstream slope (b) upstream slope 

 

 

                               (a) (b) 

Figure 4-8: Slope stability results of 150m high dam on a rock foundation – (a) 

downstream slope (b) upstream slope 

 

 

                               (a) (b) 

Figure 4-9:  Slope stability results of 150m high dam on a sandy gravel foundation – 

(a) downstream slope (b) upstream slope 
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(a)                                                                 (b) 

Figure 4-10: Slope stability results of 250m high dam on a rock foundation – (a) 

downstream slope (b) upstream slope 

 

                                      (a)                                                                  (b) 

Figure 4-11:  Slope stability results of 250m high dam on a sandy gravel foundation – 

(a) downstream slope (b) upstream slope 

 

Table 4.1 gives a summary of safety factors. The static stability is checked and the 

factor of safety of both upstream and downstream slope was found to be greater than 

1.5 as it is the minimum factor of safety for a reservoir-full long term operational dam 

(Fell et al., 2015). Hence, we can proceed to QUAKE/W with this cross section and 

material properties. 
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Table 4-1: A summary of factor of safety 

 

4.3. Dam dynamic response (QUAKE/W) result  

A sample output for the horizontal maximum acceleration is shown in Figure 4-12. The 

dam is 50m high resting on 50m deep sandy gravel foundation subjected to Kobe 

ground motion at an amplitude of 0.3g. The side slope is 3H: 1V and 2.5H: 1V for 

upstream and downstream, respectively, with 0.3H: 1V core side slope. The maximum 

acceleration at the top of the foundation and in the dam are presented in this section. 

 
Figure 4-12: Sample software output for horizontal maximum acceleration 

Foundation Dam Height Upstream slope 
Downstream 

slope 

Rock 50 2.382 1.914 

Sandy Gravel 50 2.421 1.971 

Rock 150 2.307 1.866 

Sandy Gravel 150 2.312 1.878 

Rock 250 2.285 1.84 

Sandy Gravel 250 2.29 1.866 



                                                                                                

  72 

 

4.3.1. Summary of maximum-acceleration results 
 

     4.3.1.1. Maximum-accelerations at the top of foundation 

a) Comparison of amax for the same foundation under different ground motions 

 

 

(a)                   (b) 

Figure 4-13:  amax value for foundations found under 50m high dam subjected to 

different ground motions - (a) Rock foundation, (b) Sandy Gravel foundation 

 

                          

                              (a)                                                                   (b) 

Figure 4-14: amax value for foundation found under 150m high dam subjected to 

different motion - (a) Rock foundation, (b) sandy gravel foundation.  
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(a)  (b) 

 

Figure 4-15: amax value for foundation found under 250m high dam subjected to 

different motion - (a) Rock foundation, (b) sandy gravel foundation. 

 

 

Amplification behavior for Hachinohe and Kobe ground motions have been found to 

overlap as can be seen in Figure 4-13(a), Figure 4-14(a) and Figure 4-15(a).  Elcentro 

ground motion contains more high frequency content as could be seen in Figure 3-23 

and Figure 3-24 compared with the other two ground motions. Hence, rock foundation 

(which is a stiff and low period material) results in higher amplification of the ground 

motion. This effect can also be clearly observed in Figure 4-16(c), Figure 4-17(c) and 

Figure 4-18(c).On the other hand, lower frequency ground motions show relatively 

higher amplification on sandy gravel foundation as can be observed in Figure 4-16((a), 

(b)), Figure 4-17((a),(b)) and Figure 4-18((a),(b)). 

 

As the dam height increases, so does the weight of the dam, stressing the under laying 

foundation. This stress creates confinements making the foundation stiffer as the 

height increases. This effect is clearly observed in Figure 4-13 (b), Figure 4-14 (b) and 

Figure 4-15 (b), as the dam height increases it shows lowering of amplification and 

similarity of amax. 
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b) Comparison of amax for the same ground motion under different foundation 

i. Amplification of foundation under 50m  

 

(a)                                                              (b) 

 

(c) 

Figure 4-16: amax values for different foundations found under 50m high dam subjected 

to same motion - (a) Kobe ground motion, (b) Hachinohe ground motion, (c) Elcentro 

ground motion 
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ii. Amplification of foundation under 150m  

 (a)

 (b) 

   

                                                                          

(c) 

 

 

 

 

0

0.1

0.2

0.3

0.4

0.5

0.6

0 0.1 0.2 0.3 0.4

A
cc

e
le

ra
ti

o
n

 (
g
) 

 a
t 

th
e
 b

a
s
e
 o

f 
th

e
 

d
a

m

PGA(g) 

amax values for foundation under 150m 

high dam subjected to Elcentro motion

Rock

Foundation

Sandy Gravel

Foundation

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0 0.1 0.2 0.3 0.4

A
cc

e
le

ra
ti

o
n

 (
g
) 

 a
t 

th
e
 b

a
s
e
 o

f 
th

e
 d

a
m

PGA(g) 

amax values for foundation subjected to 

Hachinohe motion

Rock

Foundation

Sandy Gravel

Foundation

Figure 4-17: amax values for different foundations found under 150m high dam subjected 

to same ground motion - (a) Kobe ground motion, (b) Hachinohe ground motion, (c) 

Elcentro ground motion 

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0 0.1 0.2 0.3 0.4

A
cc

e
le

ra
ti

o
n

 (
g
) 

 a
t 

th
e
 b

a
s
e
 o

f 
th

e
 d

a
m

PGA(g) 

amax values for  foundation subjected to 

kobe motion

Rock

Foundation

Sandy Gravel

Foundatioin



                                                                                                

  76 

 

 

 

iii. Amplification of foundation under 250m  

 

 (a)  (b) 

 

(c) 

Figure 4-18: amax value for different foundation found under 250m high dam subjected 

to same motion - (a) Kobe ground motion, (b) Hachinohe ground motion, (c) Elcentro 

ground motion 

 

 

 

 

 

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0 0.1 0.2 0.3 0.4

A
cc

e
le

ra
ti

o
n

 (
g
) 

a
t 

th
e
 b

a
se

 o
f 

th
e
 d

a
m

 

PGA(g) 

amax values for foundation subjected 

to Kobe ground motion

Rock

Foundation

Sandy

Gravel

Foundatioin

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0 0.1 0.2 0.3 0.4
A

cc
e
le

ra
ti

o
n

 (
g
) 

a
t 

th
e
 b

a
se

 o
f 

th
e
 d

a
m

PGA(g) 

amax values for subjected to Hachinohe 

ground motion

Rock

Foundation

Sandy Gravel

Foundation

0

0.1

0.2

0.3

0.4

0.5

0.6

0 0.1 0.2 0.3 0.4A
cc

e
le

ra
ti

o
n

 (
g
) 

a
t 

th
e
 b

a
se

 o
f 

th
e
 d

a
m

PGA(g) 

amax values for foundation subjected to Elcentro 

ground motion

Rock foundation

Sandy Gravel

Foundation



                                                                                                

  77 

 

 

 

c) Comparison of amax for the same ground motion and foundation but under 

different dam height  

i. Rock foundation 
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Figure 4-19: Comparison of amax for Rock foundation under different height dam 

subjected to motion (a) Kobe ground motion (b) Hachinohie ground motion (c) Elcentro 

ground motion 

ii. Sandy Gravel foundation 
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Figure 4-20: Comparison of amax for sandy gravel  foundation under different height 

dam subjected to motion (a) Kobe ground motion (b) Hachinohe ground motion (c) 

Elcentro ground motion 

 

As it can be observed in Figure 4-18, Figure 4-19 and Figure 4-20, Rock foundation does 

not show amplification for the three dam heights under Kobe and Hachinohe ground 

motion but Elcentro ground motion shows amplification as the PGA increases. The 

amplification at the foundation level gets larger with increasing dam height in the case 

of Elcentro ground motion at high amplitude. Ground motion of high amplitude can 

induce strains consequently causing considerable damping with in the foundation. As 

the dam height decreases the over burden pressure on the rock decreases, lowering the 

confinement of the strains and allowing more damping to take place. Figure 4-21 shows 

the decrease of the strain at the top of the foundation with an increase in dam height. 

Hence, as the dam height increases the amplification increases. 
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Figure 4-21: Peak Dynamic Shear strain at the top of the foundation. 
 

4.3.1.2. Maximum acceleration in the dam 

 

a) Comparison amax values for different ground motions under the same foundation 

 

(a) (b) 

Figure 4-22: amax value for 50m high dam subjected to different ground motions on top 

of  - (a) Rock foundation, (b) sandy gravel foundation. 
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 (a) (b) 

Figure 4-23: amax value for 150m high dam subjected to different ground motions on top 

of  - (a) Rock foundation, (b) sandy gravel foundation. 

 

 

                             (a)                                                               (b) 

Figure 4-24: amax value for 250m high dam subjected to different ground motions on top 

of  - (a) Rock foundation, (b) sandy gravel foundation. 
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Elcentro and Hachinohe have closer significant duration which is 29.70 sec and 23.89 

sec respectively. While Kobe has 8.34 seconds of significant duration showing that 

duration is not the main cause behind the lower amplification of Elcentro ground 

motion. If we consider frequency content, Kobe and Hachinohe have lower frequency 

than Elcentro ground motion. Hence, ground motions with relatively lower frequency 

is showing amplification on the dam profile regardless of foundation type, height and 

amplification.  

 

b) Comparison amax values for same ground motion under the different foundations 

  

(a)                                                           (b) 

 

(c) 

Figure 4-25: amax value for 50m high dam on top of different foundation subjected to 

motion - (a)Kobe ground motion , (b) Hachinohe ground motion , (c) Elcentro ground 

motion 
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(a)                                                   (b) 

 

(c) 

Figure 4-26: amax value for150m high dam on top of different foundations subjected to 

the same ground motion - (a)Kobe ground motion , (b) Hachinohe ground motion, (c) 

Elcentro ground motion 
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(c) 

Figure 4-27: amax value for250m high dam on top of different foundations subjected to 

the same ground motion - (a)Kobe ground motion , (b) Hachinohe ground motion, (c) 

Elcentro ground motion 

 

Earlier in this chapter it was observed that base acceleration of dams on sandy gravel 

foundation are higher for low frequency ground motions. On the other hand, high 

frequency ground motions show relatively larger amplification on rock foundation. 

When it comes to amplification of ground motion within the dam, as can be seen in 

Figure 4-24 to Figure 4-26, all dam profiles placed on rock foundation show relatively 

higher acceleration regardless of the base acceleration. As described by Kramer (1996), 

this might potentially be attributed to radiation/geometric damping, a tendency of an 

underlying medium to absorb the reflected ground motion waves, of the dam and 

lowering the overall effect of the ground motion. When the foundations is rock, by 

keeping the transmitted waves trapped within the dam, ground motion is relatively 

more amplified. 
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C. Comparison amax value for same ground motion and foundation but different 

height 

i. Rock foundation 

 

 

                  

 

Figure 4-28: Comparison of amax for dam on top of rock foundation subjected to ground 

motion (a) Kobe ground motion (b) Hachinohe ground motion (c) Elcentro ground 

motion. 
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ii. Sandy gravel foundation 

 

                    

 
 

Figure 4-29: Comparison of amax values for dam on top of Sandy gravel foundation 

subjected to motion (a) Kobe ground motion (b) Hachinohe ground motion (c) Elcentro 

ground motion

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

M
a

x
-a

cc
e
le

ra
ti

o
n

  
(g

) 

Base Acceleration (g) 

amax value for dam on sandy gravel foundation 

subjected to Elcentro motion

50m high

150m high

250m high

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

M
a

x
-a

cc
e
le

ra
ti

o
n

 (
g
) 

Base Acceleration (g) 

amax values for dam on sandy gravel foundation

subjected to Hachinohe ground Motion 

50m high

150m high

250m high

(c) 

(b) 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

M
a

x
 -

a
cc

e
le

ra
ti

o
n

 (
g
))

 

Base Acceleration (g) 

amax values for dam on sandy gravel foundation

subjected to Kobe ground  motion

50m high

150m high

250m high

(a) 



                                                                                                

  87 

 

 

In Figure 4-28 and Figure 4-29 it can be observed that regardless of ground motion, 

PGA and type of foundation the amplification of ground motion increases with 

decrease in height.  Radiation Damping is a concept that is related to the volume of 

a material, which increases with increasing height of the dam considered. Spreading 

of the energy with in the volume material will decrease the effect of the ground 

motion. Hence, 50m high dam will have higher amplification than 150m which also 

show higher amplification than 250m high dam.  

4.3.1.3. Determining the pseudo-static coefficient (Kh) 

 

Summary of amax values  

The plot Figures 4-28 summarize maximum accelerations generated when using 

three ground motions for each dam height on two different foundation types. Each 

figure consists of six results for each PGA value. 
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 (b) 

   (c) 

 

Figure 4-30: Summary of amax values for the purpose of estimating the pseudo-static 

coefficient (Kh) for the height (a) 50m (b) 150m (c) 250m 

 

There is some overlapping of the results since there might be results having the same 

value as can be seen in the Figures 4-28. But it can be observed that the results of 

each PGA have somehow closer values no matter the type of motion or the foundation 

type. Table 4-2 shows range of maximum acceleration values from the Figure 4-30. 
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Table 4-2: Maximum acceleration range 

 

 Maximum acceleration range [amax] range 

Dam Height 0.05g 0.15g 0.3g 

50m high 0.14g - 0.26g 0.4g - 0.65g 0.65g - 0.96g 

150m high 0.16g – 0.24g 0.25g – 0.5g 0.45g – 0.65g 

250m high 0.14g – 0.23g 0.3g – 0.4g 0.4g -0.5g 

                                                              

-For PGA of 0.05g all three heights have closer values. 

-For PGA of 0.15g and 0.3g the 50m high dam shows higher amax value than the150m 

and 250 high dam. 

After observing that the shorter dam amplifies more for higher PGA, a 15m height dam 

on top of rock foundation that has passed the requirements of both SEEP/W and 

SLOPE/W analyses was analyzed for comparison.  

 

Table 4-3: Maximum acceleration range 

 

 Maximum acceleration range [amax] range 

Dam Height 0.05g 0.15g 0.3g 

15m high 0.1g-0.38g 0.3g-0.95g 0.6g-1.4g 

50m high 0.14g - 0.26g 0.4g - 0.65g 0.65g - 0.96g 

 

The results with 50m high dam show that the values are close but still there is some 

greater amplification on 15m high dam when compared to 150m and 250m dam 

height as shown in Table 4-3. 
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The effect of an earth quake are represented by a constant horizontal acceleration 

(Pseudo-static acceleration) that produce inertial forces (pseudo-static force) on the 

sliding mass (Kramer, 1996). The magnitude of the pseudo-static force are:- 

                                            
W

F a
g

=  = 
a

W
g

                                                   (4-1) 

The ratio of  
a

g
 is a represented by a dimensionless coefficient k (pseudo-static 

coefficient).The horizontal acceleration is considered in this study and the horizontal 

maximum acceleration is used. 

                                         max
h

a
k

g
=                                                                     (4-2) 

                                       h hF k W=                                                                     (4-3)                                                                                                                         

Maximum acceleration ( maxa ) is expressed in terms of g  as presented in Table 4-2 

and Table 4-3, there for by simple division and crossing out g , hk can be found. 
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4.3.2. Summary of maximum acceleration location  

 

To have a better view where the maximum acceleration is located within the full 

height of the dam, QUAKE/W output in contour representation is as shown in Figure 

4-30. The red portion around the top of the dam corresponding to the area of 

maximum acceleration. The heights labeled “Max” and “Min” are heights that show 

the area range that maximum acceleration covers from the top of the dam. The 

average level between the two locations has been taken to represent the location of 

the maximum acceleration for every analysis result. This average value for each dam 

height is given in a range as shown in Table 4-5 with their corresponding PGA Values. 

The dam shown in Figure 4-31 is a 50m high dam resting on 50m deep sandy gravel 

foundation subjected to Kobe ground motion at an amplitude of 0.3g. The side slope 

is 3H: 1V and 2.5H: 1V for upstream and downstream respectively with 0.3H: 1V core 

side slope. 

 

Figure 4-31: sample for showing location of Pseudo-Static coefficient 

 

 

Max Min 

amax 



                                                                                                

  92 

 

Table 4-4: Location of maximum acceleration 

 

 Location of Maximum acceleration measured from the crest to the 

downwards 

Dam Height 0.05g Avg. 0.15g Avg. 0.3g Avg. 

50m high 4m - 9m 6.5 m 4m - 10m 7m 4m - 8m 6m 

150m high 10m - 40m 25 m 12m - 40m 26m 9m - 36m 22.5m 

250m high 6m - 70m 38 m 11m - 68m 39.5m 18m - 59m 38.5m 

 

 

Approximate location of the maximum acceleration (amax) is found below the top of 

the dam at a range of 6m- 7m, 22.5m-26m and 38.5m- 39.5m for 50m, 150m and 250m, 

respectively. It can also be given in form of a ratio of the dam height as shown in 

Table 4-6. Showing a small deviation from Yu (2012) finding, for 50m high dam the 

location is from 1/7 to 1/8 of the dam height measured from the crest to the bottom. 

And for 150m and 250m high dams the location lies in the range of 1/6 to 1/7 of the 

dam height measured from the crest to the bottom of the dam. 

 

Table 4-5: Location of maximum acceleration in ratio (Average location of maximum 

acceleration / Dam height) 

 

 

 Location of Maximum acceleration measured from the crest downwards  

(Avg. / Dam Height) 

0.05g 0.15g 0.3g 

Dam 

Height 

Avg. In fraction 

(Avg. / Height) 

Avg. In fraction 

(Avg. / Height) 

Avg. In fraction 

(Avg. / Height) 

50m high 6.5 m 1/8 7m 1/7 6m 1/8 

150m high 25 m 1/6 26m 1/6 22.5m 1/7 

250m high 38 m 1/7 39.5m 1/6 38.5m 1/6 
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4.3.3. Summary of earthquake induced permanent deformation  
 

A sample output for Permanent deformation is shown in Figure 4-32. The dam shown 

is 50m high resting on 50m deep sandy gravel foundation subjected to Kobe ground 

motion at an amplitude of 0.3g. The side slope is 3H: 1V and 2.5H: 1V for upstream 

and downstream, respectively, with 0.3H: 1V core side slope. The earthquake induced 

permanent deformation on the dam are presented in this section. 

 

 
Figure 4-32: Sample software output for Permanent deformation 
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a) Comparison of permanent deformation for different ground motions under the 

same foundation 

 

   

 (a) (b) 

Figure 4-33: Deformation measurement for 50m high dam subjected to different 

ground motion on top of- (a) Rock Foundation (b) Sandy Gravel foundation 

    

 

 (a) (b) 

Figure 4-34: Deformation measurement for 150m high dam subjected to different 

ground motion on top of- (a) Rock Foundation (b) Sandy Gravel foundation 
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 (a) (b) 

Figure 4-35: Deformation measurement for 250m high dam subjected to different 

ground motion on top of- (a) Rock Foundation (b) Sandy Gravel foundation 

 

While observing the maximum acceleration within the dam in the previous section, 

Kobe and Hachinohe ground motions showed more amplification. As shown in Figure 

4-33 to 4-35, Kobe shows more deformation than Hachinohe ground motion. In 

contrary to what Kramer (1996) suggested ,this might be attributed to Kobe ground 

motion having more cycle of large amplitude impulse for a longer duration than 

Hachinohe ground motion as shown in Figure 3-21 and Figure 3-22. In addition to 

this, Kobe ground motion contains more small-frequency content as could be seen in 

Figures 3-23 and to Figure 3-24 compared with the other two ground motions.    

b) Comparison of permanent deformation for same ground motion under the 

different foundations 
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(c) 

Figure 4-36: Deformation measurement for 50m high dam on top of different 

foundation subjected to- (a) Kobe ground motion, (b) Hachinohe ground motion, (c) 

Elcentro ground motion 

 

 

 
  

(a)                                                               (b) 

 

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0 0.1 0.2 0.3 0.4

D
e
fo

rm
a

ti
o
n

 (
m

)

Peak Ground Acceleration (g)

50m Elcentro Ground Motion

Rock

Foundation

Sandy Gravel

Foundation

0

0.2

0.4

0.6

0.8

1

1.2

0 0.1 0.2 0.3 0.4

D
e
fo

rm
a

ti
o
n

 (
m

)

Peak Ground Acceleration (g)

150m Kobe Ground Motion

Rock

Foundation

Sandy

Gravel

Foundation

0

0.1

0.2

0.3

0.4

0.5

0.6

0 0.1 0.2 0.3 0.4

D
e
fo

rm
a

ti
o
n

 (
m

)

Peak Ground Acceleration (g)

150m Hachinohe Ground Motion

Rock

Foundation

Sandy

Gravel

Foundation



                                                                                                

  97 

 

 

(c) 

Figure 4-37: Deformation measurement for 150m high dam on top of different 

foundation subjected to- (a) Kobe ground motion, (b) Hachinohe ground motion, (c) 

Elcentro ground motion 
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(c) 

Figure 4-38: Deformation measurement for 250m high dam on top of different 

foundation subjected to- (a) Kobe ground motion, (b) Hachinohe ground motion, (c) 

Elcentro ground motion 

 

Except from two 50m high dam cases (Figure 4-36 (a) and (b)), where dams on sandy 

gravel foundation show higher deformation, the remaining (Figure 4-36(c), Figure4-

37 and Figure 4-38) show relatively higher deformation resting on rock foundation. 

It has been observed on the previous section that dam resting rock foundation seem 

to have higher Maximum acceleration values, hence the higher deformation.  

   

c) Comparison amax value for same ground motion and foundation but different 

height 

i. Rock foundation 

 

(a) 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0 0.1 0.2 0.3 0.4

D
e
fo

rm
a

ti
o
n

 (
m

)

Peak Ground Acceleration (g)

250m Elcentro Ground Motion

Rock

Foundation

Sandy Gravel

Foundation

0

0.5

1

1.5

2

0 0.1 0.2 0.3 0.4

D
e
fo

rm
a

ti
o
n

 (
m

)

Peak Ground Acceleration (g)

Rock foundation under Kobe Ground Motion 

50m high

150m high

250m high



                                                                                                

  99 

 

          (b)  

                       (c) 

 

Figure 4-39: Deformation measurement for dam on top of rock foundation subjected 

to –(a) Kobe ground motion, (b) Hachinohe ground motion ,( c) Elcentro Ground 

motion 

 

ii. Sandy Gravel foundation 
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                (b)  

                         (c) 

 

Figure 4-40: Deformation measurement for dam on top of Sandy Gravel foundation 

subjected to –(a) Kobe ground motion, (b) Hachinohe ground motion ,(c) Elcentro 

Ground motion 

 

As the height of the dams increased, a higher permanent displacement was observed. 

The permanent deformation also increased with increasing intensity of ground 

motion as shown in Table 4-7, Figure 4-38, and Figure 4-39. For a certain peak ground 

acceleration, the ratio of the peak permanent deformation to the total height of the 

dam was found to be similar as shown in Table 4-8.  
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Table 4-6: Permanent deformation range in meter. 

 

 Range of permanent deformation in meter 

Dam Height 0.05g 0.15g 0.3g 

50m high 0.0024m-0.045m 0.028m-0.2m 0.08m-0.3m 

150m high 0.01m-0.065m 0.04m-0.45m 0.18m-1m 

250m high 0.035m-0.1m 0.12m-0.8m  0.28m-1.6m 

 

Table 4-7: Permanent deformation range in percent. 

 

 Range of permanent deformation in percent  

((deformation in meter / height of the dam)*100) 

Dam Height 0.05g 0.15g 0.3g 

50m high 0.0048%-0.09% 0.056%-0.4% 0.16%-0.6% 

150m high 0.0067%-0.043% 0.0267%-0.3% 0.12%-0.66% 

250m high 0.014%-0.04% 0.048%-0.32%  0.112%-0.64% 
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CHAPTER 5 - CONCLUSION AND RECOMMENDATION 

5.1. Conclusion 

The main goal of this study is to analyze, zoned earth dam behavior under the action 

of different ground motions with peak ground accelerations for two different types of 

foundations. Based on the study, the following conclusions may be drawn:- 

 

▪ Ground motion amplification of a dam foundation is affected by the over lying 

dam weight. As the dam height resting on sandy gravel foundation increases, 

so does the weight of the dam, stressing the under laying foundation. This 

stress creates confinements making the foundation stiffer which shows 

lowering of amplification and similarity of amax. 

▪ Ground motions with lower frequency shows amplification on the dam profile 

regardless of foundation type, height and base acceleration.  

▪ To observe the effect of foundation on amplification potential of a dam, three 

different profiles laying on both Rock and Sandy Gravel foundation have been 

analyzed with different ground motion and PGA. The dams placed on rock 

foundation show relatively higher amplification regardless of the base 

acceleration. This might potentially be attributed to radiation/geometric 

damping, a tendency of an underlying medium to absorb the reflected ground 

motion waves, of the dam and lowering the overall effect of the ground motion. 

When the foundations is rock, by keeping the transmitted waves trapped 

within the dam, ground motion is relatively more amplified.  

▪  The concept of Radiation Damping is also related to the volume of a material, 

which increases with increasing height of the dam considered. Spreading of 

the energy with in the volume material will decrease the effect of amplification 

of the ground motion, which increases with decrease in height.   

▪ Pseudo-static coefficient (kh) can be seen to increase with decrease in dam 

height for larger PGA values. In the case of lower PGA’s, however, kh is 
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observed to have approximately the same value for the types of foundations 

and ground motions considered. 

▪ Approximate location of the pseudo-static coefficient (kh) is observed to move 

further from the crest with increasing dam height. The average distance 

measured from the crest, when expressed as a fraction of the dam height, is 

observed to be 1/7 to1/8 in shorter dams and 1/6 to 1/7 in higher dams for all 

PGA and ground motions considered. 

▪ Permanent deformation caused by the earthquake were analyzed succeeding 

dynamic analysis. Dams placed on rock foundation show relatively higher 

deformation corresponding to the high amplification. And Ground motion 

having more cycle of large amplitude impulse for a longer duration happens 

to cause higher deformation irrespective of the total duration of the ground 

motion. 
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5.2. Recommendation 

Further detailed investigation in dam amplification can be done by varying slope, 

material property, dam shape, zones and type of core so as to see the effect they bring 

on both the dam and foundation. Additional analyses can also be done to see the effect 

of changing parameters on liquefaction susceptibility of a dam. 
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Appendices 

Appendix-1- Dam Dimension 

Detailed dam dimension 50m, 150m and 250m high dam are presented in Figure 

A.1.1. to A.1.3. 

 
 

Figure A.1.1: 50m high dam 
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Figure A.1.2: 150m high dam 

 

 

 
Figure A.1.3: 250m high dam 
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Appendix-2- GeoStudio modeling 

Starting from modeling the cross section of the dam to assigning material property 

and a sample result is presented orderly in this section from Figure A.2.1 to A.2.9.  

 
Figure A.2.1: Draw point 

 

 
Figure A.2.2: Draw line 
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Figure A.2.3: Draw region 

 

 
Figure A.2.4: Define material property 
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Figure A.2.5: Assign material property 

 

 
Figure A.2.6: Define analysis (Dynamic analysis taken as a sample) 
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 Figure A.2.7: Insert ground motion (Kobe ground motion at an amplitude of 0.3g 

taken as a sample) 

 

 
Figure A.2.8: Dynamic QUAKE/W deformed mesh result (at 20sec as sample) 
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Figure A.2.9: Dynamic QUAKE/W deformed mesh result with contour presentation 

(at 48 sec as sample) 

 

 
Figure A.2.10: Dynamic QUAKE/W result in contour representation (at 48 sec as 

sample) 

 

 



                                                                                                

  116 

 

Appendix-3- Sample results 

 

 
Figure A.3.1:Dynamic QUAKE/W result in contour representation (50m high dam on 

Rock foundation subjected to Elcentro ground motion at an amplitude of 0.05g) 

 
Figure A.3.2: Permanent deformation SIGMA/W result in contour representation 

(50m high dam on Rock foundation subjected to Elcentro ground motion at an 

amplitude of 0.05g) 
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Figure A.3.3: Dynamic QUAKE/W result in contour representation (250m high dam 

on Sandy gravel foundation subjected to Hachinohe ground motion at an amplitude 

of 0.05g) 

 

 

 Figure A.3.4: Permanent deformation SIGMA/W result in contour representation 

(250m high dam on Sandy gravel foundation subjected to Hachinohe ground motion 

at an amplitude of 0.05g) 
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Appendix-4- Trial analiyses with 100m foundation 

 

50m, 150m and 250m high dam resting on sandy gravel foundation subjected to 

Hachinohe ground motion with a PGA of 0.3g was taken as a trial model for checking 

the effect of changing the foundation depth. A foundation depth of 100m was 

considered and the comparison is placed in table Table A-4. 

 

 

 50m high dam 150m high dam 250m high dam 

50m 

Foundation 

100m 

Foundation 

50m 

Foundation 

100m 

Foundation 

50m 

Foundation 

100m 

Foundation 

Maximum 

acceleration on 

the top of the 

foundation 

0.35g 0.25g 0.3g 0.3g 0.3g 0.3g 

Maximum 

acceleration on 

the top of the 

dam 

0.9g 0.5g 0.5g 0.5g 0.45g 0.45g 

   

Table A-4: Comparison result for effect of foundation height difference 
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Figure A4.1: – 50m high dam as sample result for 100m Foundation 


