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ABSTRACT 

 

Chi-Chi earthquake in Taiwan and the Wenchuan earthquake in China are listed among the earthquakes 

which cause collapse of transmission tower. Currently, in Ethiopia, there is an electric transmission 

tower under construction on earthquake prone area, Wolaita Sodo. This transmission tower is expected 

to carry electric current up to Kenya. Considering the effects that are going to be incurred if foundation 

failure occurs, analyzing the effect of seismic loading will be vital for this project and further 

constructions. 

 

In this thesis, a 3D FEM analysis using ABAQUS software was performed to study the lateral   

deflection of the foundation of the above mentioned electric transmission tower using a single 

pile subjected to dynamic loading. 15 m long pile with varying diameters of 0.8 m and 0.6 m, keeping 

other parameters constant has been considered. 

 

For the seismic loading, probabilistic seismic hazard analysis (PSHA) has been performed for the 

specified area. Peak ground acceleration of 0.16 g and 0.233 g has been obtained from the seismic hazard 

analysis for design basis earthquake and Maximum considered earthquake respectively. Acceleration 

time history data has been obtained from PEER ground motion database.  

 

Layered soil with Mohor-Coulomb soil model has been used. To consider the continuity of the ground, 

the infinite boundary has been used. Scaled acceleration time history has been applied at the base of the 

model.  

 

The dynamic response of the piles resulted in deflections of 72.02 mm and 63.7 mm for 0.6 m and 0.8 

m diameter piles respectively, which exceed the acceptable limits of recommendations. Increased pile 

size shows reduction in deflection and increment on soil resistance. The displacement of the pile while 

going from top to end shows reduction and this result agrees with literatures. 
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CHAPTER 1 - INTRODUCTION  

 

1.1 Background 

 

Pile foundations are used to transfer super-structural loads to underlying soil or rock. Mostly deep 

foundations are adopted when the load of the superstructures is heavy or the bearing capacity of the soil 

is very low. Pile foundations are safer than other foundation types for supporting structures in seismic 

prone areas. These days, pile foundations are the most implemented structure in Ethiopia due to 

increment in the construction of high rise buildings, transmission line towers, and long span and tall 

bridge structures, which have very large design loads. So, as the weight of the structure increases and 

the bearing capacity of the soil compromises the stability, deep foundation is used. 

 

Piles are vertical members mostly subjected to axial loads. Even though the primary function is to 

transmit axial loads in most cases, every pile foundation has to withstand some lateral loads. For 

example, pile foundations in tall buildings and transmission towers often have to withstand wind force. 

Earthquake is the major causes of lateral forces in addition to the surrounding soil, and the water loads.  

 

If the load acting on the pile is axial, it is transferred to the base of the pile and through the pile shaft as 

base resistance and shaft or skin friction, respectively. Laterally loaded piles transfer the load to the 

surrounding soil mass through the lateral resistance of soil. When lateral loads are applied on the pile, 

the pile tries to shift in the direction of the applied load, pressing against the soil. This will generate 

normal stress, shear stress, and strain in the soil. The external force is resisted by the soil resistance 

around the pile. Failure of short pile occurs when the lateral of the soil has been exceeded. In cases of 

long pile , the failure associated the moment at one or more points exceeds the moment of resistance 

and the failures takes place by formation of hinges along the pile length. This lateral deflection of pile 

depends on the soil resistance and the soil resistance in turn depends on the pile deflection and this 

interdependence is known as soil- pile interaction. 

 

Ethiopia is susceptible to two types of natural hazards due to the presence of rift valley: earthquakes and 

volcanic eruptions. Earthquakes have been a regular occurrence in Ethiopia due to its location. Kinde 

(2002) cited  Gouin (1979), estimates 15,000 tremors occurred in Ethiopia and the Horn of Africa in the 
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20th century, while another study by Kebede (1966, cited Kinde et.al.,2011 ) identified 16-recorded 

earthquakes of magnitude 6.5 and higher in Ethiopia in the same period. 

 

Most earthquakes affect tens of square kilometers while the severest can destroy areas of 2500 km2 or 

more (Bell, 2002). Therefore, structures built in the destructive region of earthquakes require an 

assessment of wave propagation effects. 

.  

In this study, probabilistic seismic hazard analysis has been performed at Wolaita Sodo area.  

Probabilistic seismic hazard analysis (Cornell, 1968) is widely used for evaluating the seismic risk at a 

certain site of an engineering project, and for estimation of seismic design loads. The main goal of PSHA 

is to predict ground motions by integrating the probabilities of all earthquake scenarios across locations 

and sizes of future earthquakes. 

 

Design Basis Earthquake (DBE) and Maximum Considered Earthquake (MCE) are the two levels of 

earthquake ground motion analysis normally considered in pile design and analysis (Song, 2018). The 

maximum considered earthquake has 2% probability of exceedance in 50 years (a return period of 2475 

years) while the design basis earthquake has 10% probability of exceedance in 50 years (a return period 

of 475 years). Public life safety and sustained functioning of the structure are the aims for the maximum 

considered earthquake and the design basis earthquake respectively. 

 

Soil-pile interaction can be kinematic and /or inertial (Kramer, 1996) (Poulos, 2013). The inertial 

interaction is the phenomenon in which inertial forces developed in the structure by its own vibrations 

generate primarily base shears, bending moments, and axial loads which in turn cause deformations in 

the surrounding soil surrounding of foundation system. Kinematic interaction results from the 

propagating nature of seismic disturbances in the form of waves, which makes the soil motion at any 

given instant generally different from point to point. Design of pile foundation under seismic load should 

include the effect of ground motion and inertial load. For such cases, dynamic soil-pile interaction 

analysis becomes important to assess the dynamic response of pile foundation.  
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1.2  Problem Statement  

 

The electric transmission towers are an important lifeline engineering structure. Up to now, most of 

research attention on transmission towers have been focused on the actions of static load and wind load 

(Li & Bai, 2006). Even though seismic load is significant than static and wind load, only a few studies 

considered earthquake load. Collapse of transmission tower was observed in previous large earthquakes 

such as the Chi-Chi earthquake in Taiwan and the Wenchuan earthquake in China. The reason behind 

the destruction of transmission tower was the main failure of foundation. This study investigate the 

response of pile foundation under seismic excitation by considering the effect of interaction. 

 

1.3 Objectives  

 

1.3.1 General Objective 

 

The main objective of this study is to investigate the effect of seismic excitation on pile foundation 

embedded in layered soil considering soil-pile interaction.  

 

1.3.2 Specific Objectives 

 

 Analyzing lateral response of pile caused by the application of the scaled ground motion. 

 Investigate  the effect of pile diameter on pile response. 

 

1.4 Limitations 

 

For the thesis work, the following limitations were identified: 

 Since there are no records of accelerograms for Ethiopian earthquakes, Pacific Earthquake 

Engineering Research Center (PEER) records are adapted for acceleration time history selection. 

 When modeling the soil as a continuum, only the finite element method and solid elements will 

be considered. 
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1.5 Methodology 

 

In this study, the finite element software ABAQUS is used for t model development and analysis. This 

software is reliable in representing the soil-pile system in three-dimensional domain and also it has the 

capability of modeling the behavior of soil continuum.   

 

Proper techniques and literatures are reviewed in detail to model pile and surrounding soil, along with 

their mesh sizes, constitutive models to represent material behavior, soil-pile interface, dynamic input, 

damping, and boundary conditions. A single pile foundation of 15 m long with varying diameters of 0.6 

m and 0.8 m has been considered. The pile sizes are taken from Wolaita Sodo Converter Station to 

support electric power transmission tower.  Four layered soil with size of 20 times diameter of the pile 

and long 30 m has been modeled. Mohr-Coulomb soil model has been used for the soil. The soil 

properties have been taken from geotechnical investigation report of the specified project. Material 

damping has been incorporated and infinite boundary has been applied to consider the continuity effect 

of the ground. 

 

Ground motion analysis was carried out in five stages. In the first step, seismic source has been 

identified. The second step defines magnitude of earthquake using recurrence relationship of Gutenberg 

and Richter (1944), path parameters, to identify the effect of distance from the source to the specific 

site, using Kaklamanos et al. (2011) equation and identification of site parameters. The third step 

estimates the earthquake effect, based on the selection of an appropriate attenuation relationship or 

empirical ground motion prediction equations. In this study, Chiou and Young (2008) Next Generation 

Attenuation equation was used as recommended by Ayele (2017) for East Africa Rift. The fourth step 

was used to determine the hazard curve and disaggregation of the hazard at Wolita Sodo area. The final 

step was the selection of ground motion using disaggregation results of magnitude and distance. 
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1.6 Scope of Research  

 

Soil:   

The soil considered in this study was obtained from a geotechnical investigation report carried out at 

Wolaita Sodo and Mohr-Coulomb model is used as constitutive model for all the soil layers. 

 

Pile Foundation and Super Structure Loads:  

The pile sizes are taken from Wolaita Sodo Converter Station to support electric power transmission 

tower and only two diameters of pile (0.6 m and 0.8 m) have been considered. The effect of length of 

pile has not been varied. 

 

Seismic data: 

The applied acceleration time history has been selected for the design basis earthquake only. 

 

1.7 Significance of the Study 

 

The study will help to understand the load-displacement response of piles in layered soil during 

earthquake shaking. It will provide reliable numerical modeling of the real behavior of soil-pile 

interaction subjected to seismic excitations, which will lead to safer and economical design of structures. 
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CHAPTER 2 LITERATURE REVIEW 

 

2.1 Introduction 

 

Pile foundations are slender elements, under a major structure, to transfer loads from the superstructure 

into competent soil layers.  It is subjected to static and dynamic, lateral loading generated from the 

superstructure, lateral earth pressure, wind, waves, and earthquake, the effect of moving vehicles or 

ships, plants, and equipment. The major seismic hazards like seismic shaking and ground failure impose 

mainly lateral loads on the pile foundations. 

 

The analysis of laterally loaded piles is more complex than the analysis of axially loaded piles. The 

capacity and response of laterally loaded piles are usually assessed through non-linear load transfer 

analysis, using load transfer (or 'p-y') curves appropriate for the soil type. The response of pile subjected 

to seismic excitation depends on the pile itself, mechanical properties of the surrounding soil, the 

interaction between superstructure, pile, and soil and the seismic input. 

 

This chapter present analysis methods of pile subjected to dynamic lateral loads, soil-pile interaction 

problems, and finite element techniques applicable to model pile-soil interaction with seismic excitation 

input. 

 

2.2 Seismic Wave Propagation 

 

A definition of a wave is motion around at a state of equilibrium. The wave is produced in the soil due 

to tectonic movement, movement of fault, volcanoes, explosions, and earthquakes. Seismic waves, 

known as waves of energy travel from Earth layers and generated by strong earthquakes, Kramer (1996). 

 

There are two main types of seismic waves, body waves, and surface waves. Body waves travel through 

the inside of the Earth, but surface waves are travel along the surface of the Earth like ripples on water 

and these waves are the result of interaction between body waves and the surficial earth material. 
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There are two types of body wave’s compressional waves and shear waves whereas the surface waves 

are classified into Rayleigh waves and love waves. P wave propagation of compression and the fastest 

kind of seismic wave, and it travels through solids, liquids, or gases. S-wave is the propagation of shear 

deformation that arrives after the primary (P-wave). Rayleigh generates from coupled P and SV waves 

the particle motion is always in the vertical plane, and due to phase shift between P and SV the particle 

motion is elliptical and retrograde (counterclockwise) concerning the direction of propagation, Love 

waves move the ground from side to side in a horizontal plane parallel to Earth's surface, but at right 

angles to the direction of propagation; so the wave motion is horizontal and transverse.  Require some 

kind of waveguide formed by the velocity gradient. In this thesis body –wave will be used, due to the 

fact in the Groningen situation the surface waves have not yet been measured for the relatively shallow 

earthquake (Kruse and Holscher, 2010). 

 

2.3 Soil-Pile Interaction Analyses Approach 

 

An earthquake geotechnical engineer faces numerous challenges in foundation design for seismic 

excitation because of the complexity of the problem. To handle this type of problem, the earthquake 

geotechnical engineer needs skills in soil mechanics, foundation engineering, and soil-pile-

interaction. 

 

Figure 2.1 shows the soil-pile-interaction problem and its key features. Since the forces that result from 

soil-pile-interaction govern structural response, these forces should be determined with accurate 

analyses. Soil-pile-interaction analyses can be carried out in two ways: either by modeling the structure 

and soil together with appropriate interface behavior as shown in Figure 2.1 or by using the principle of 

superposition as shown in Figure 2.2. The superposition approach has two steps that address two 

different mechanisms, kinematic and inertial interaction. This approach is based on the assumption that 

the system remains linear. Superposition is exactly valid for linear soil, pile, and structure (Whitman, 

197). However, superposition is approximately valid for moderately nonlinear systems under 

engineering approximations, because pile deformations due to lateral loading transmitted from the 

structure vanish very rapidly with depth. 
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Figure 2.1: Sketch of soil-pile-interaction problems (after Gazetas and Mylonakis 1998). 
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Figure 2.2: The superposition theorem for soil-pile-interaction problems a) kinematic interaction b) 

inertial interaction (after Gazetas and Mylonakis 1998). 
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2.3.1 Kinematic Interaction  

 

In the absence of the superstructure, as shown in Figure 2.2 a, the motion of the foundation may be 

different from the free field motion, where “free field” refers to the motion of the surface soil that is far 

enough from the foundation such that the foundation does not affect the free-field motion. This 

difference is due to the kinematic interaction mechanism. The reasons for the observed differences are 

the presence of stiff foundations, wave inclination or incoherence, or foundation embedment. Kinematic 

effects are described by frequency dependent transfer functions. The transfer function is defined by the 

ratio of the foundation motion to the free field motion in the absence of a structure. Transfer functions 

are defined in the frequency domain. Wave passage through the foundation also generates stress in 

foundation elements. These stresses are termed “kinematic stresses”. 

 

2.3.2 Inertial Interaction  

 

The motion at the foundation due to kinematic interaction forces the structure to oscillate. This, in turn, 

implies that the structure will produce inertial forces and overturning moments at its base. Due to this, 

the foundation and surrounding soil will get additional dynamic forces and displacements. This is due 

to the inertial interaction. The flexibility of the foundation support affects the acceleration within the 

structure. The flexibility of the foundation and the damping associated with foundation-soil interaction 

can be described by a frequency dependent foundation impedance function (dynamic impedance). The 

dynamic impedance can be simulated by the effects of a “spring” and a “dashpot” acting at the base of 

the structure in place of the foundation elements. 

 

The above two mechanisms occur simultaneously with only a small time lag. In the two-step approach, 

the acceleration at the top of the foundation is obtained by modifying the free-field motion to account 

for kinematic effects. This motion, akin, is then used as an input motion for the analysis of inertial 

interaction. For computational convenience, the analysis of inertial interaction is further subdivided into 

two steps, as shown in Figures 2.2 b1 and 2.2 b2. First, a dynamic impedance function at the top of the 

foundation is computed for the pile-soil system.  As a final step, the superstructure, supported on the 

spring and dashpot system is analyzed using akin as the input motion. 
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Typically, structural design engineers neglect the kinematic interaction. This is acceptable in some 

circumstances such as at low frequencies (Mamoon and Ahmad 1990) and for shallow foundations with 

vertically propagating shear waves or dilatational waves. However, Gazetas (1984) carried out analysis 

on flexible piles with low frequency loading and concluded that kinematic interaction is also important. 

In almost every seismic building code, structural response and foundation loads are computed by fixed 

base analysis; that is, neglecting soil-pile -interaction.   

 

2.4 Pile Subjected to Under Dynamic Lateral Loads 

 

This section explains the dynamic loading condition and the analysis methods of piles when exposed to 

dynamic loads. Dynamic load act on piles due to earthquake forces, wave forces, wind forces, and 

machine it may be transient or cyclic loading. This paper assumes the dynamic loads come from 

earthquake, the ground vibration is generated by an earthquake due to the upward transmission of 

seismic waves from a stiff soil layer to the soft soil layer. 

 

The pile is exposed to kinematic loading and inertial loading by causes of earthquake: Kinematic loading 

is related to the deformation of the pile due to the effect of an earthquake. The deformation of the pile 

is occurring because of the stiffness difference between the soil and the pile. Secondly, there is inertial 

loading are induced in the piles because of the accelerations generated within the structure by the 

earthquake. Consideration is generally confined to lateral inertial forces and moments, which are 

assumed to be applied at the pile heads.  Poulos (2013). The stiffness of the foundation influences the 

natural frequency of the structure, and, therefore, the susceptibility to resonance and dynamic 

amplification during cyclic loading. 

 

2.5 Available Analysis Methods for Dynamic Lateral Loading of Piles 

 

In this section, methods of modeling the dynamic behavior of a single pile under lateral loads are 

explained. These are Beam on Non-linear Winkler Foundation (BNWF), Continuum Methods, and 

Boundary Element Method (BEM), and Finite Element Method (FEM). 
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2.5.1 Winkler Model 

 

In 1867, Winkler proposed this model, which was introduced as Beam on Winkler Foundation (BWF). 

This model characterizes the soil as a series of independent linearly elastic spring, soil-pile contact at 

any point along the pile length, there is a relationship between deflection and forces, and the contact 

stress at other points is independent. 

 

(Hetenyi, 1946) presented analytical solutions for beams on a foundation with a fourth-order differential 

equation governing the beam deflection (Eq.2.1). The input parameters of the solution are the length 

and elastic modulus of the beam, the spring constant of the foundation (soil), and the magnitude and 

distribution of the applied load (Figure  2.3).  At the end of the solution, shear force, bending moment, 

and deflection along the span of the beam can be found. 

 

 

Figure 2.3: Beam on an elastic foundation 

 

The beam-on-Winkler foundation approach can also be called the subgrade-reaction approach because 

the foundation spring constant can be related to the modulus of subgrade reaction of a soil mass 

(Terzaghi, 1955). Terzaghi suggested values of the subgrade modulus that can be used in the standard 

beam equation, which is used to compute bending moment and deflection.Vesic (1961) presented an 

elastic solution of infinite beams on elastic isotropic sub-grades acted upon by concentrated loads and 

obtaining the analytical solutions (contact pressure, shear force, bending moment, and deflection). He 

suggested the Winkler model is given an accurate result for long beams by comparing his solution with 

the Winkler method solutions. Therefore, the Winkler model gives an accurate result for the sub-grade 

reaction modulus under moderate and infinite length beams. Kagawa (1992) presented dimensional 

 
𝐸𝐼

 𝑑4𝑦
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analysis to evaluate factors affecting the sub-grade reaction modulus Kh and suggesting a procedure to 

obtain constant (average) soil reaction as a function of the Soil Young’s Modulus which can be used for 

the analysis of the Beam Winkler Foundation. 

 

Novak (1974) used generalized Winkler model to simulate the dynamic soil-pile interaction system. The 

analysis is done based on linear elasticity of the soil-pile system. The analytical approach is to establish 

the dimensionless parameters of the problem and obtain closed-form formulas for pile stiffness and 

damping. In Novak analysis, all components of the motion in a vertical plane were considered, i.e. 

horizontal and vertical translations and rotations of the pile head.  

 

This model is assumed that both piles and soil can treat as nonlinear manner during the exciting, 

since the seventies, Matlock et al. (1978) extended the concept of BNWF to seismic analysis, develop 

the analysis of the dynamics program SPASM8, and explaining the use of p-y methods for the lateral 

stiffness of soil-pile model used for seismic analysis. Wang et al. (1998), Polam et al., 1998 and 

Hutchinson et al., 2004 were used p-y element models for dynamic analysis.  According to p-y models, 

cyclic soil degradation should be using. For executing this analysis, the common linear modal analysis 

should be replaced by an iterative nonlinear time domain analysis, as expected non-linear response 

cannot be feasible by linear modal analysis (Brown et al., 2001). 

 

Kagawa and Kraft (1980) developed a Nonlinear Dynamic Winkler Foundation model (BNWF) for soil-

pile-structure interaction. This method was included the method to determine seismic p-y relationships 

and a liquefaction model that is appropriate to the pore pressure evaluation for earthquake-type irregular 

loadings. In Kagawa and Kraft (1981), the nonlinear soil model was formulated as an effective stress 

model, and cyclic degradation of soil resistance was governed by pore pressure generation. 

 

The BNWF method is used for nonlinear Soil-Pile-Structure Interaction (SPSI) some authors have 

proposed that Winkler Model represents a continuum model on the assumption of soils is an isolated 

horizontal plane under a plane strain condition of stress. These solutions are considered a very good 

estimation of the real 3D behavior at very low frequencies relative to the fundamental resonant 

frequency, as explained by Nogami and Novak (1980). Nogami and Koganai (1988) developed a time-

domain method to estimate the flexural response of linear single piles subjected to dynamic loads by 
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adopting Winkler assumption, the soil assumed as plane strain horizontal thin layer, with a series of 

springs and dashpots (as shown in Figure 2.4,2.5). 

 

Figure 2.4: Winkler Soil Model for Lateral Pile Shaft Response (Nogami & Konagai, 1988) 

 

Figure 2.5: Beam on Nonlinear Winkler Foundation model with Different Damping 

Influences (Nogami & Konagai, 1988) 
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Nogami et al. (1992) proposed the nonlinear dynamic analysis for the soil-pile interaction model, by 

dividing the soil medium into two regions in the near field region around the pile shaft as shown in 

Figure 2.6. Where strong nonlinear soil response occurs, is modeled by a nonlinear spring and a gap 

element. The far-field region, where the behavior is linearly elastic, is modeled by the series of springs 

and dashpots presented by Nogami and Koganai (1988). 

 

 

Figure 2.6: Schematic View of Soil-Pile Interaction Mode (Nogami, et al., 1992) 

 

 The major disadvantage of the beam on foundation method is the two-dimensional simplification of the 

soil-pile contact which ignores the radial and three-dimensional component of interaction. 
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2.5.1.1 p-y Curves  

 

Design engineers often prefer to use the Beam-on-Dynamic-Winkler-Foundation (BDWF) model for 

design purposes rather than the FE method or elastic continuum solutions. BDWF methods use 

traditional semi- empirical p-y curves such as those developed by Matlock (1970) and Reese et al. 

(1974). These curves represent the nonlinear soil behavior by a series of nonlinear springs, where the p 

refers to soil pressure per unit length of pile and the y refers to deflection. The loading in the pile is 

traditionally applied as a factored static load at the pile-top. This review focuses on p-y curves developed 

within this approach that is, obtained from static tests.  It is important to note, however, that pseudo-

static loading may be correct for low frequency vibration design, but response may change significantly 

when seismic loading generates the introduction of soil nonlinearity, damping, and pile-soil interaction.  

Other authors (Naggar and Novak 1996, Brown et al. 2001) have developed p-y methods that can deal 

with dynamic loading.   

 

Most of the existing standard p-y curves were developed based on full-scale lateral load tests on a 

relatively small range of pile diameters. However, Juirnarongrit (2002) showed that in dense weakly 

cemented sand, the pile diameter effect on the p-y curves at displacement levels below the ultimate soil 

resistance is insignificant. Bey5ond this range, an increment in the pile diameter increases the ultimate 

soil resistance. Existing p-y curves predict the response of the laterally loaded piles well in weakly 

cemented sand but are inappropriate for large diameter piles. These existing p-y curves have been 

incorporated into commercial programs such as COM624P (Wang and Reese 1993), LPILE (Reese et 

al. 2000), and FLPIER (University of Florida 1996). Deflection and moment along the pile can be found 

for a given load by using these commercial programs. The literature review presented herein focuses on 

the existing p-y curves for laterally loaded piles and methods to find p-y curves from numerical analysis.   

 

2.5.2 Continuum Model 

 

Continuum approach, analysis of laterally loaded piles are done by treating the surrounding soil of pile 

as a three-dimensional continuum. Continuum approach is attractive because the interaction of pile and 

surrounding soil is conceptually more attractive than the beam-on-foundation approach. After all, the 

interaction of the pile and the surrounding soil is in reality three dimensional. The main advantage of 
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continuum models is modeling the effect of radiation damping, the disadvantage of the model is only 

practicable for visco-elastic material.  

 

This method is extremely useful to obtain a better understanding on the soil-pile interaction phenomenon 

and to obtain analytical expressions of parameters such as the sub-grade reaction modulus (Vesić, 1961), 

that can be used in the Winkler models. 

 

Tajimi (1966) describes a dynamic soil-pile interaction solution based on elastic continuum theory.  He 

used a linear Kelvin-Voigt visco-elastic stratum to model the soil and ignored the vertical components 

of the response.  

 

In 1974, Novak developed an approximate continuum model to explain soil-pile interaction. The soil is 

assumed as a group of independent thin infinite horizontal layers that extended to infinity. As each plane 

is considered independent, this model may be viewed as a generalized Winkler model. 

 

Nogami and Novak (1980) investigated the coefficients of dynamic soil reaction to pile motion treating 

the soil as a three-dimensional continuum, to compare with Winkler model (where the soil is modeled 

as discrete springs and dashpots). 

 

One of the first applications of finite element analysis to piles was done by Yeigan and Wright (1973) 

who introduced two-dimensional nonlinear soil models to analyses elastic piles. They have used the 

model to develop the lateral soil resistance –displacement relationships (p-y curves) for pile foundations. 

 

The advantage of the finite element approach is used in the analysis of the soil-pile interaction model of 

pile and pile groups with a superstructure response even if in dynamic loading conditions. The finite 

element is model the soil profile as 3-D and analyses the effect. Soil is treated as a continuum mass in the 

finite element method. Randolph (1981) presented the results of his parametric studies on the response 

of laterally loaded piles embedded in an elastic soil continuum. The finite element modeling result is 

fitted with algebraic equation solutions. Wu & Finn (1997) used a quasi-3D finite element program for 

the analysis of dynamic soil–pile–structure interaction. An eight-node brick element is used to represent 

the soil continuum, and a two-node beam element is used to simulate the piles. 
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Currently, the most useful continuum based method of analaysis available method. Several investigators 

are done different forms of the finite element method. Desai and Appel (1976) presented a three-

dimensional finite element solution with interface elements for the laterally loaded pile problem. 

Kooijman and Vermeer (1988) used a quasi-dimensional analysis for the analysis of pile-soil contact on 

elastoplastic soil behavior. Bhowmik and Long (1991) developed two-dimensional and three-

dimensional finite element models that used a bounding surface plasticity soil model and provided for 

soil-pile gapping. Brown and Shie (1991) used a three-dimensional finite element model to analyze the 

group effects on the modification of p-y curves. Bransby (1999) used two-dimensional finite element 

analysis to develop a p-y curve at different depths of infinitely long pile embedded in undrained soil, 

and the soil behavior linear elastic soil and power-law soil. 

 

Bentley & El Naggar (2000) implemented a finite element model by modeling the soil as a 

homogeneous elastic medium and to evaluate the effect of soil they were using the Drucker-Prager 

failure criteria.  They are applying the dynamic load in the horizontal direction at the bottom of the 

model, and discontinuity conditions at the pile-soil interface by introducing a contact element that 

enables to slippage gapping. 

 

Bentley & El Naggar (2000) studied the effects of kinematic interaction on the input motion at the 

foundation level. The 3-D model used in their study is shown in Figure 2.7. In this study, they included 

pile-soil separation, slippage, soil plasticity, and 3-D wave propagation.  By considering the symmetry 

one half of the actual model was developed in order to reduce the computing time.  Kelvin elements 

were used to simulate the infinite soil medium. Soil was modelled as linear and elastoplastic material 

using the Drucker-Prager failure criterion. Liner elastic cylindrical piles were considered for this study. 

Two different types of soil-pile interfaces were considered either as perfectly bonded soil-pile interface 

and frictional interface.  The Coulomb frictional model was used to incorporate the frictional interface 

behavior. Two recorded earthquake motions were used at the base of the model to simulate the seismic 

motion in the model. The authors have concluded that the elastic kinematic interaction for a single pile 

slightly amplifies the free field transfer function, i.e. the ratio of soil to bedrock motion. 
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Figure 2.7: 3-D FEM model used by Bentley and Naggar [2000] a) Plan view b) Front cross 

sectional view 

Maheshwari et al. (2004) used a 3D FE model to obtain the pile response under seismic excitation and 

a load applied to the pile cap and column base, considering the nonlinearity effects of the soil material 

and pile-soil interaction in the dynamic behavior of a single pile and pile groups. Figure 2.8 shows one 

of the FE mesh. 
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Boundary Element Method (BEM) has been used in the laterally loaded piles in evaluation. 

Ben Jamma and Shiojiri (2000) analyzed the dynamic behavior of a single pile embedded in an infinite 

half-space and the pile-soil system by the mixing of the finite element method and a hybrid thin layer 

element. Basile (2003) identify the advantage of the boundary element method for soil-pile interaction 

modeling and evaluation. 

 

 

 

Figure 2.8: Finite element model for the pile group system: (a) Top plan (b) Front elevation with 

initial pressure distribution (Maheshwari et al., 2004); 
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2.6  Finite Element Method Applied to Soil-Pile Interaction Problems 

 

 The literature review on this section concentrated on finite element method applied to soil-pile 

interaction problems and the corresponding modelling techniques. 

 

2.6.1 General Modelling Details 

 

Mostly soil-pile interaction problems modeled by using finite element method were based on 3-

dimensional technique. From this time almost all the studies used an eight-node brick element to model 

the soil. And also, piles were modeled using either 3-D beam elements or eight-node brick elements. 

 

2.6.2 Boundary Conditions 

 

In static analysis, the fixed boundary can be applied at small distance far from the interest area. However, 

in dynamic analysis, fixed boundary conditions cause the reflection of outward propagating waves, 

effectively deceiving energy inside the model. Larger size of soil model can minimize this problem 

because material damping will absorb most of the energy in the waves reflected from finite boundaries. 

However, the increase in model size implies an excessive increase in computational time and need extra 

memory.   

 

To model, some special non-reflecting boundary conditions have to be defined at the lateral boundaries. 

This will account for the fact that in reality, the soil should have to be modeled as a semi-infinite 

medium. These types of boundary conditions are described below. 

 

2.6.2.1  Quite Boundary 

 

2.6.2.1.1 Viscous Elements (Dashpot Elements)   

 

For the first time viscous elements were proposed by Lysmer and Kuhlemeyer (1969) for the dynamic 

analyses of shallow foundations. The dashpot is used instead of applying fixities in a certain direction 

and used to absorb energy reaching the boundary. 
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The use of viscous boundaries in ABAQUS is based on the method described by (Lysmer and 

Kuhlmeyer, 1969). The normal and shear stress components of the dashpot in perpendicular and 

tangential directions to the boundary can be calculated by Equation 2.2 and Equation 2.3. 

 

Where, 𝜌𝑠  is the mass density of soil,  𝑉𝑝 is the  pressure wave velocity, 𝑉𝑝 is the shear wave velocity, 

𝑢𝑥 is the normal particle velocities, 𝑢𝑦 is the tangential particle velocities 𝐶1 and 𝐶2 are dimensionless 

parameters to modify the effect of the absorption. Viscous dashpots are used often in site response and 

soil-pile interaction problems (e.g., Rodriguez-Marek and Bray 2005, Wu and Finn 1997, among 

others). 

 

2.6.2.1.2  Kelvin Elements   

 

A Kelvin element consists of a spring and a dashpot attached in parallel is shown in Figure 2.9. Kelvin 

elements can be attached to a boundary in order to simulate an infinite medium during static and 

dynamic analyses.  

 

Figure 2.9: Kelvin element 

   

The constants of the spring and dashpot of the kelvin element in the horizontal direction was calculated 

using the equation given by Novak and Mitwally (1988) 

𝜎𝑛 = 𝐶1𝜌𝑠𝑉𝑝𝑢𝑥                                                                                                                                    2.2 

𝜏 = 𝐶2𝜌𝑠𝑉𝑠𝑢𝑦                                                                                                                                       2.3 
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Where 𝐾𝑟
∗ = total stifhess, 𝐺 = soil shear modulus, 𝑟𝑜 = distance to finite element boundary, 𝑆1 and 𝑆2 

= dimensionless parameters, 𝑣 = Poisson's ratio, 𝑎𝑟 = dimensionless frequency (𝑎𝑟 =
𝑟𝑜𝜔

𝑉𝑠
  where, 𝜔  is 

the angular frequency of excitation and 𝑉𝑠  is the shear wave velocity of soil)  

 

1. The medium is linear, homogeneous, and isotropic with hysteretic, frequency independent 

maternal damping. 

2. The cylinder (pile) is circular, massless, and infinitely long and is welded to the medium. 

3. The displacements are small and uniform along the cylinder; and  

4.  The vibration is harmonic. 

 

The real and imaginary parts of Eq. 2.5 and 2.6 represent the stiffness and damping, respectively, 

 

2.6.2.1.3 Infinite Elements   

 

Infinite elements are used in boundary value problems with unbounded boundaries (infinite medium) or 

problems with a smaller region of interest compared to the surrounding medium.  Infinite elements are 

usually used in conjunction with finite elements. The behavior of the infinite element is similar to the 

behavior of the Kelvin element, but far nodes are not allowed to move. An infinite element behaves 

linearly. During static analyses, infinite elements will provide stiffness at the finite element model 

boundaries based on the model of Zienkiewicz et al. (1983). During the dynamic analysis, infinite 

elements will provide “quiet” boundaries at the finite element model boundaries based on the model of 

Lysmer and Kuhlemeyer (1969). 

 

𝐾𝑟
∗ =

𝐺

𝑟𝑜
[𝑆1(𝑎𝑟  , 𝑣, 𝐷) + 𝑖𝑆2(𝑎𝑟  , 𝑣, 𝐷)]                                                                                      2.4 

𝐾𝑟 =
𝐺𝑆1

𝑟𝑜
                                                                                                                                             2.5 

𝐶𝑟 =
𝐺𝑆2

𝜔𝑟𝑜
                                                                                                                                             2.6 
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2.6.2.2  Free Field Boundary  

 

Free field boundaries are normally used to determine the response of site and pile foundations subjected 

to seismic excitation. If the material damping of the soil is high, free field response can be achieved 

using a reasonably small distance from the structure to the edge of the model. However, when the 

material damping is low, free field responses are difficult to achieve with a limited distance from the 

model structure to the edge of the model. An alternative approach is to enforce the free-field motion in 

such a way that boundaries act as an absorbing mechanism. This can be modeled by coupling viscous 

dashpots between main model nodes to soil column nodes at the edges, which represents the free-field 

motion. The side boundary nodes of the main model and the soil column must have matching 

coordinates. However, this boundary condition only applies if the sides of the main model are vertical. 

This type of boundary condition has been used by researchers in seismic analysis of soil-pile interaction. 

 

2.6.3 Soil-Pile Interface 

 

The modeling of soil-pile interface give detail behaviors of the soil-pile system. The soil-pile interfaces 

are commonly modeled either as a perfectly bonded or as a frictional interface where soil-pile slipping 

and gapping may occur. Due to high computational time and convergence problem slipping and gapping 

interface is not applicable, most researchers consider a perfect bonding.  Generally, Coulomb’s law of 

friction is used to model slipping and gapping in FEM (Balendra, 2005). If the interface is in full contact, 

full transfer of shear stress is ensured. Plastic slipping will occur when the friction stress exceeds the 

minimum of a user specified maximum shear stress or the friction stress due to the normal stresses at 

the interface. Separation will occur when there is tension between soil and pile interface. Besides the 

Coulomb friction model, there are other proposed interface models available in the literature 

(Villaverde, 2009) (Desai, et al., 1984). 

 

2.6.4 Numerical Accuracy and Stability 

 

The numerical simulation of dynamic SSI is controlled by two main parameters. There are the spacing 

of the nodes of the finite element model (Δh) and the length of the time step Δt. Assuming that the 

numerical method converges toward the exact solution as ∆t and ∆h go toward zero the desired accuracy 
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of the solution can be obtained as long as sufficient computational resources are available. To represent 

a traveling wave of a given frequency accurately about 10 nodes per wavelength are required. Fewer 

than 10 nodes can lead to numerical damping as the discretization errors certain peaks of the wave 

(Jeremic & Preisig, 2005).  

 

The recommended formula relating grid spacing (𝛥ℎ), time step of analysis (𝛥𝑡), smallest wave velocity 

of soil medium (𝑣) and the highest relevant frequency (𝑓𝑚𝑎𝑥) that is present in the model needs to be 

found by performing a Fourier analysis of the input motion as given in equation 2.7 and 2.8   

  

Where 𝑉 is the highest wave velocity 

 

2.6.5 Damping   

 

If an un-damped structure is allowed to vibrate freely, the magnitude of the oscillation is constant. In 

reality, however, energy is dissipated by the structure's motion, and the magnitude of the oscillation 

decreases until the oscillation stops. Every non-conservative system shows some energy loss that is 

attributed to material nonlinearity, internal material friction, or external (mostly joint) frictional 

behavior.  This energy dissipation is known as damping. Damping is usually assumed to be viscous or 

proportional to velocity. In soil dynamics two kinds of damping properties can be estimated which 

decline the wave; namely, material damping and geometrical damping. 

 

2.6.5.1  Material Damping 

 

All materials possess a form of internal damping that makes them dissipate energy when distorted. 

Therefore as a wave spreads out from its source, the transmitted energy and the displacement and 

stresses induced at points far from the source will be dramatically reduced.  Material damping in 

dynamic calculation is caused by viscous properties of soil, friction, and the development of irreversible 

∆ℎ =
𝑣

10 𝑓𝑚𝑎𝑥
                                                                                                                                     2.7 

∆𝑡 =
∆ℎ

𝑉
                                                                                                                                            2.8 
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strain. In the simulation of dynamic response of system, it is common practice to use Rayleigh damping 

in mathematical models to take care of the material damping: 

 

Where,  [𝐶]  Damping matrix, Mass matrix,[𝑀], Stiffness matrix, [𝐾], 𝛼, 𝛽 are constants to be 

determined taking account the damping ratio and frequency of the first few modes. 

 

                 

Figure 2.10: Contribution of mass and stiffness damping terms to the overall damping ratio 

(Balendra, 2005) 

Figure 2.10 illustrates the contribution of mass and stiffness damping terms to the overall damping ratio. 

Here, the stiffness proportional term contributes damping that is linearly proportional to response 

frequency and the mass proportional term contributes damping that is inversely proportional to response 

frequency. 

 

[𝐶] = 𝛼[𝑀] + 𝛽[𝐾]                                                                                                                              2.9 
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2.6.5.2 Geometric Damping  

 

Generally, a wave propagates equally in all directions meaning that the volume of material affected 

simultaneously by the wave, increases with the distance traveled by the wave. The wave interacts or 

creates disturbance with volume of material and release a certain amount of energy and of course, this 

absorbed energy per unit volume get reduced with increasing distance from the source of the wave, and 

hence displacement amplitude and stress decrease accordingly.  This type of damping due to the 

dispersion of wave energy over an increasing volume is known as geometric or radiation damping 

(Julyk, et al., 1993). 

 

2.6.6 Selection of Mesh Size  

 

The size of the mesh was mainly dependent on the loading conditions (static or dynamic) and the 

geometry of the piles. The mesh near to the pile is very fine to account for the severe stress gradients 

and plasticity encountered in the soil. 

 

The selection of the dimensions of the discretized model and the element size was in agreement with 

the maximum wavelength (Kramer, 1996). They proposed that the maximum element size should satisfy 

in Equation 2.10 

 

2.6.7 Soil Behavior 

 

Constitutive behavior of soil model is important in soil-pile interaction analysis. Better results of finite 

element analysis are depending on the proper selection of constitutive models. Generally, there are two 

types of soil models that are used in finite element analyses of soils. They are linear elastic and elastic-

plastic models such as Mohr-Coulomb, Drucker-Prager and Cam Clay. 

 

𝑙𝑚𝑎𝑥 =
𝜆

8
 ҄

𝜆

5
                                                                                                                       2.10 
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2.6.7.1   Elastic Material Models 

 

The elastic behavior can be linear and nonlinear. The linear elastic constitutive model (Hooke’s law) is 

the most common model to approximate a material stress-strain relationship. Hooke's law relates the 

stress and strains through two constants, Young’s modulus (𝐸) and Poisson’s ratio(𝑣). 

 

2.6.7.2  Elastic-Plastic Material Models   

 

Elastic-plastic models provide a better representation of the real soil behavior. These models are based 

on the assumption that the principal directions of accumulated stress and the incremental plastic strain 

are coinciding. They require a yield function that separates elastic from elastic-plastic behavior and a 

plastic potential (or flow rule) which prescribes the direction of plastic straining. The two elastic-plastic 

material models which are commonly used to simulate soil behavior are explained below.  

 

2.6.7.2.1 State of Stress Tensor 

 

The state of stress for three-dimensional points is defined by a matrix containing nine stress 

components as shown in Figure 2.11.  The nine components of the stress are represented by stress 

tensor (stress matrix). Stress tensor which can be defined as: 

 

The shear stresses in the stress tensor have the following relationships due to static equilibrium as 

follows: 

 As a result the stress tensor is composed of six independent components. These components are called 

normal stresses 𝜎𝑥𝑥, 𝜎𝑦𝑦 , 𝜎𝑧𝑧 and shear stress 𝜏𝑦𝑥, 𝜏𝑧𝑥, 𝜏𝑧𝑦 

 

𝜎 = [

𝜎𝑥𝑥 𝜏𝑥𝑦 𝜏𝑥𝑧

𝜏𝑦𝑥 𝜎𝑦𝑦 𝜏𝑦𝑧

𝜏𝑧𝑥 𝜏𝑧𝑦 𝜎𝑧𝑧

]                                                                                                    2.11 

𝜏𝑦𝑥 = 𝜏𝑥𝑦; 𝜏𝑧𝑥 = 𝜏𝑥𝑧; 𝜏𝑦𝑧= 𝜏𝑧𝑦                                                                                               2.12  
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                                                     𝑧 

 

  

 

 

 𝜎𝑧𝑧  

 

        𝜏𝑦𝑧  

     𝜏𝑥𝑧    

    𝜏𝑧𝑦 

    𝜏𝑧𝑥  𝜎𝑦𝑦  

    

        𝜏𝑦𝑥  𝜏𝑥𝑦 

   𝜎𝑥𝑥     𝑦 

 

 

 

 

 

 

 

 

 

𝑥 

Figure 2.11: Stress state for three-dimensional elements 

2.6.7.2.2 Principal Stresses 

 

The state of stress at a point can also be defined in terms of principle stresses. 𝜎1, 𝜎2 , and 𝜎3. The 

principal stresses are related to the components of the stress tensor by the following equation:  
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Where 𝐼1, 𝐼2 and 𝐼3 are known as the first, second, and third stress invariant respectively. 

 

These stress invariants are defined as follows: 

 

The stress invariants can also be expressed in terms of principal stresses in the form of: 

 

 

 

 

2.6.7.2.3 Mean Stress and Deviatoric Stresses 

 

The state of stress at a point tensor can be expressed as the sum of two other stresses: the mean stress 

(volumetric stress), p, which tends to change the volume of the stressed body; and the deviatoric stress 

which tends to distort it. The mean stress of a stressed point is defined as the average of normal stresses 

in three directions as: 

 

 

 

The deviatoric components of the stress are defined by  

Where 𝛿𝑖𝑗 is the Kronecker delta function defined as: 

 

The three invariants of deviatoric stress are 

𝜎3 − 𝐼1𝜎2 + 𝐼2𝜎 + 𝐼3 = 0                                                                                                              2.13 

𝐼1 = 𝜎𝑥𝑥 + 𝜎𝑦𝑦 + 𝜎𝑧𝑧 

𝐼2 = 𝜎𝑥𝑥𝜎𝑦𝑦 + 𝜎𝑦𝑦𝜎𝑧𝑧 + 𝜎𝑧𝑧𝜎𝑥𝑥 − 𝜏𝑥𝑦
2 − 𝜏𝑦𝑧

2 − 𝜏𝑧𝑥
2  

𝐼3 = 𝜎𝑥𝑥𝜎𝑦𝑦𝜎𝑧𝑧 − 𝜎𝑥𝑥𝜏𝑦𝑧
2 − 𝜎𝑦𝑦𝜏𝑧𝑥

2 − 𝜎𝑧𝑧𝜏𝑥𝑦
2 − 2𝜏𝑦𝑧𝜏𝑧𝑥𝜏𝑥𝑦                                              2.14                                                  

𝐼1 = 𝜎1 + 𝜎2 + 𝜎3 

𝐼2 = 𝜎1𝜎2 + 𝜎2𝜎3 + 𝜎3𝜎1 

𝐼3 = 𝜎1𝜎2𝜎3                                                                                                                             2.15                                                  

                       

𝑝 =
1

3
(𝜎𝑥𝑥+𝜎𝑦𝑦 + 𝜎𝑧𝑧) =

1

3
(𝐼1)                                                                                                   2.16                                                  

𝑠𝑖𝑗 = 𝜎𝑖𝑗 − 𝑝𝛿𝑖𝑗                                                                                                                            2.17                                              
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It is noted that in the theory of soil plasticity, the most useful stress invariants are 𝐽1, 𝐽2 and𝐽3. 

Physically, 𝐼1 indicates the effect of mean stress, 𝐽2 represents the magnitude of shear stress, and 𝐽3 

determines the direction of shear stress.  All these three quantities have a key role in the theory of 

elastic-plastic stress-strain relations. In soil mechanics (Roscoe and Burland, 1968; Muir Wood, 1990) 

the mean stress p is often used in pair with a generalized shear stress q defined as: 

 

 

The stress invariants can also be interpreted geometrically in the principal stress space.  The state of 

stress at material point A in the principal stress coordinate system is shown in Figure 2.12.  The angle θ 

is called the Lode angle which is defined as: 

 

𝐽1 = 𝑠𝑘𝑘 = 0 

𝐽2 =
1

2
𝑠𝑖𝑗𝑠𝑖𝑗 =

1

3
(2𝐼3 + 𝐼1

2) 

𝐽3 =
1

3
𝑠𝑖𝑗𝑠𝑗𝑘𝑠𝑘𝑖 =

1

27
(27𝐼3 + 9𝐼1𝐼2 + 2𝐼1

3)                                                                                        2.18                                                  

𝑞 =
1

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

= √3𝐽2                                                                                                                                         2.19 

𝜃 = −
1

3
𝑠𝑖𝑛−1 [

3√3

2

𝐽3

𝐽2
3/2]                                                                                                                  2.20 
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Figure 2.12: Lode angle on a deviatoric plane. 

 

In terms of the mean stress 𝑝 and the shear stress 𝑞, the principal stresses can be expressed as 

follows: 

 

2.6.7.2.4 Mohr-Coulomb Model 

 

The Mohr-Coulomb criterion is widely used in geotechnical applications. It is a criterion used to model 

the plastic behavior of soils. The yield criterion is expressed in terms of  𝜏 shear stress and 𝜎𝑛 normal 

stress acting on a plane. The model suggests that the yielding begins as long as the shear stress and the 

normal stress satisfy by Equation 2.22. 

Here 𝑐 is the cohesion and ∅ is the angle of internal friction angle. 

𝜎1 = 𝑝 +
2

3
𝑞 𝑠𝑖𝑛(𝜃 + 120𝜊) 

𝜎2 = 𝑝 +
2

3
𝑞 𝑠𝑖𝑛 (𝜃) 

 𝜎3 = 𝑝 +
2

3
𝑞 𝑠𝑖𝑛(𝜃 − 120𝜊)                                                                                                         2.21                                                

𝜏 = 𝑐 + 𝜎𝑛 𝑡𝑎𝑛 ∅                                                                                                                       2.22 
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The Mohr-Coulomb criterion and the involved parameters can be illustrated by plotting Mohr’s circle 

for states of stress in terms of maximum and minimum principal stress. Figure 2.13 shows the Mohr-

Coulomb criterion 

 

Figure 2.13: The Mohr-Coulomb failure envelope on 𝜎-𝜏 plane. 

 

The yield criterion of the Mohr-Coulomb model can be defined as: 

 

Where  𝜎1, 𝜎2, 𝜎3  are principal stresses, and 𝜎1 and 𝜎3  are maximum and minimum principal stresses 

(positive in tension). The Mohr-Coulomb failure model on 𝜎 − 𝜏  plane is shown in Figure 2.13 and the 

Mohr-Coulomb yield surface on deviatoric plane is shown in Figure 2.14. In terms of stress invariants 

and Lode’s angle, the Mohr-Coulomb yield criterion takes the following form: 

𝑓 = (𝜎1 − 𝜎3) − (𝜎1 + 𝜎3) 𝑠𝑖𝑛 ∅ − 2𝑐 𝑐𝑜𝑠 ∅ = 0For  𝜎1 ≥ 𝜎2 ≥ 𝜎3                            2.23                                                                                                                                                       
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In the Mohr-Coulomb model, the plastic potential takes a very similar form of the yield function. In the 

plastic potential, instead of the friction angle, the dilation angle 𝜑 , is used as follows: 

 

 

If the flow rule is associated, then the yield criterion and the plastic potential coincides, which yields,   

𝜑 = 𝜃  

 

    𝑓 = √𝐽2 −
𝑚(𝜃,∅)𝑠𝑖𝑛∅

3
𝐼1 − 𝑚(𝜃, ∅)𝑐 𝑐𝑜𝑠 ∅ = 0                                                                        2.24 

Where 

     𝑚(𝜃, ∅) =
√3

(√3 𝑐𝑜𝑠 𝜃+𝑠𝑖𝑛 𝜃 𝑠𝑖𝑛 ∅)
                                                                                                    2.25 

𝑔 = √𝐽2 −
𝑚(𝜃,𝜑) 𝑠𝑖𝑛 𝜑

3
𝐼1 − 𝑚(𝜃, 𝜑). 𝑐. 𝑐𝑜𝑠 𝜑 = 0                                                                     2.26 

Where 

m (𝜃, 𝜑) = √3

√3 𝑐𝑜𝑠 𝜃+𝑠𝑖𝑛 𝜃 𝑠𝑖𝑛 𝜑
                                                                                                        2.27 
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  Figure 2.14: The Mohr-Coulomb yield criterion on a deviatoric plane   

2.6.7.2.5 Drucker-Prager Model 

 

The Drucker-Prager model was proposed by Drucker and Prager in 1952 for frictional soils. The yield 

criterion for the Drucker-Prager plasticity model is defined as,   

 

 

Where 𝑞 = √3𝐽2  is the generalized shear stress, 𝑝 
1

3
(𝐼1) is the mean stress, ф is the friction angle of 

the material and, 𝑐 is the cohesion of the material.  The parameters ф and 𝑐 can be matched with the 

Mohr-Coulomb material parameters 𝑐 (cohesion) and ф  (angle of internal friction). The Drucker-Prager 

yield surface is circular on devatoric plane and the three-dimensional yield surface which is a cone is 

shown in Figure 2.16. Figure 2.15 shows the comparison between yield surface of Mohr-Coulomb and 

Drucker-Prager models. 

𝑓 = 𝑞 − 𝑝 𝑡𝑎𝑛 ф − 𝑐 = 0                                                                                                      2.28 
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Figure 2.15: Mohr-Coulomb and Drucker-Prager yield surfaces on a deviatoric plane. 



   

37 
 

 

Figure 2.16: The Drucker-Prager failure surface on a deviatoric plane. 
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CHAPTER 3 GROUND MOTION ANALYSIS 

 

3.1 Introduction 

 

In Ethiopia, due to the development of construction such as high-rise buildings, suspension, tall bridge 

structures, transmission line towers, and dams. Such structures require a good ground motion estimation 

for a better seismic hazard assessment (Graves and Pitarka, 2010; Kieling et al. 2014; Viens et al. 2015).  

 

Seismic hazard is an occurrence of ground shaking or ground failure due to earthquakes and it measures 

the probability of the site to experience high-intensity ground shaking, considering uncertainties in the 

size, fault type, location, and time of future earthquake.  

 

There are two types of seismic hazard assessments to calculate ground motion for structural design; 

namely probabilistic seismic hazard analysis (PSHA) and deterministic seismic hazard analysis 

(DSHA). Most engineering designs use probabilistic seismic hazard analysis (PSHA) approach. 

 

3.2 Seismic Hazard Analysis 

 

Wolaita Sodo converter station is located 6.9°-7° E and 37.72°-38° N. On the Geotechnical investigation 

report of the Wolaita Sodo converter station there is no study on seismic analysis due to lack of the 

rupture depth and energy release depth. Wolaita Sodo converter station is located on the seismic hazard 

map in the range of 0.1g to 0.16g PGA value as shown Figure 3.1. 
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Figure 3.1: The seismic hazard map of Ethiopia based on the GSHAP data for a return period of 

475 years (Worku, 2011) 

 

3.2.1 Probabilistic Seismic Hazard Analysis (PSHA) 

 

PSHA methodology was first proposed by (Benjamin & Cornell, 1970) to measure the seismic hazard 

at a site of interest in terms of a probability distribution. This method is evaluated by considering the 

possibility of occurrence of earthquakes concerning time, location, size, and magnitude. These methods 

aim to measure these uncertainties and combine them to develop a clear report of the distribution of 

future shaking that may occur at a site (Baker, 2008). 

 

3.2.2 Deterministic Seismic Hazard Analysis (DSHA) 

 

DSHA method is modeled for a specific earthquake, either assumed or realistic. The site ground motions 

are estimated deterministically, given the magnitude, source-to-site distance, and site condition. In this 

method, one or more earthquakes are specified by magnitude and location for the site. 
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3.3 Probabilistic Seismic Hazard Analysis 

 

The main goal of PSHA is to evaluate the earthquake hazard in a probabilistic method. This method 

calculates the annual probability of exceeding the level of various grounds shaking at a site, for a range 

of intensity levels. Seismic hazard analysis is estimated by considering magnitude-recurrence rates, fault 

mechanism, source-to-site distance, site conditions (Baker, 2008). The output of seismic hazard analysis 

is a Hazard Curve (e.g., Figure 3.2), which describes the variation of the selected Intensity Measures 

(IM) versus its Mean Annual Frequency (MAF) of exceedance (Bommer & Bommer, 2006). 

 

Figure 3.2:  PGA hazard curve (Baker, 2008) 

 

Ground motion prediction equations(GMPE) are usually developed by using empirical data of strong-

motion data for average horizontal component ground motion are earthquake magnitude, source –site 

distance (Rjb) average shear wave velocity in the upper 30m (VS30), basin depth parameter (Z1), and 

style of faulting are important tools in seismic hazard analysis. 

 

3.3.1 Source Parameters 

 

3.3.1.1 Magnitude 

 

Earthquake size is mostly characterized by seismic moment (or moment magnitude) because it is 

directly related to the amount of energy released in an earthquake. Magnitudes for this thesis are taken 
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from the study presented by (Ayele, 2017). The seismic design areas are located in the southwestern 

Ethiopia region at 6.9°-7° E and 37.72°-38° N. 

 

The Gutenberg-Richter magnitude recurrence model better represents earthquake magnitude recurrence. 

Gutenberg-Richter magnitude distribution relates to the cumulative number of earthquakes 

𝜆𝑚 magnitude recurrence relation model proposed by Gutenberg and Richter (1956) is 

 

Where 𝜆𝑚 is the rate of earthquakes with magnitudes greater than M. The constant a and b values are 

estimated from historical observations. 

 

The constant “a” is associated with the seismicity of a given region (where 10a = annual number of 

earthquakes with M > 0). The b value defines the relative ratio of the number of small earthquakes to 

large earthquakes (Baker, 2008) 

 

The Gutenberg-Richter recurrence relationship governed by Equation (3.2) can also be expressed as 

where α=a ln 10 and β =b ln 10. The Gutenberg-Richter recurrence relationship (3.3) 

 

The maximum possible magnitude is a critical parameter in seismic hazard analysis and its accurate 

evaluation is appropriate in earthquake engineering. Maximum magnitude (Mmax) defines the upper limit 

of magnitude for a given seismic zone and is unknown. Mmax is estimated from the largest observed 

earthquake (Mmaxobs). 

 

In general, Mmax is estimated by adding an increment, ∆m to the largest known magnitude (Mmaxobs) in 

the source (Hall & Green , 1994); (Kijko, 2003).  The value of Mmax is taken from the study prepared 

by (Ayele, 2017) and the value of Mmax has given 6.8 in the southwestern Ethiopia area. 

 

(Ayele, 2017) give a constant b value 0.77, this value differs from the one obtained by a fitting curve. 

To be consistent with the upper bound earthquake magnitude, 7.2, (Ayele, 2017)  b value is taken. 

𝑙𝑜𝑔(𝜆𝑚) = 𝑎 − 𝑏𝑀                                                                                                                           3.1  

𝑙𝑛(𝜆𝑚) = 𝛼 − 𝛽𝑀                                                                                                                           3.2 
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For Guttenberg-Richter recurrence law, magnitude distribution is expressed by an exponential 

distribution with probability density function (PDF) and cumulative distribution function CDF of the 

doubly-bounded (having minimum and maximum magnitude threshold) G-R model is given by 

(Kramer, 1996) as follows, 

CDF 

  

PDF 

 

 

The probability of occurrence of a discrete magnitude 

 

 

Where, mj is the discretized magnitude to  mj < 𝑚j+1 

 

Magnitudes are discretized in an equal interval of 0.1. If the discrete magnitudes are closely spaced, it 

gives a better approximation. The earthquake magnitudes spaced at intervals of 0.1 as shown in the first 

column cumulative distribution of the equivalent magnitude shown in the second column the probability 

of occurrence of the magnitude is shown in the third column. 

  

𝐹𝑀(𝑚) =
 1−10−𝑏(𝑚−𝑚𝑚𝑖𝑛)

1−10−𝑏(𝑚𝑚𝑎𝑥−𝑚𝑚𝑖𝑛) ,                          𝑚𝑚𝑖𝑛 ≤ 𝑚 ≤ 𝑚𝑚𝑎𝑥                                       3.3                                                          

 

 

  𝑓𝑀(𝑚) =
 𝑏𝑙𝑛(10)10−𝑏(𝑚−𝑚𝑚𝑖𝑛)

1−10−𝑏(𝑚𝑚𝑎𝑥−𝑚𝑚𝑖𝑛) ,                     𝑚𝑚𝑖𝑛 ≤ 𝑚 ≤ 𝑚𝑚𝑎𝑥                                      3.4 

 

 

            =
 𝛽10−𝑏(𝑚−𝑚𝑚𝑖𝑛)

1−10−𝑏(𝑚𝑚𝑎𝑥−𝑚𝑚𝑖𝑛) 

𝑃(𝑀 = 𝑚𝑗) = 𝐹𝑀(𝑚𝑗+1) − 𝐹𝑀(𝑚𝑗)                                                                                            3.5                                                     
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Table 3.1 Probability of occurrence of discrete magnitudes 

mj FM (mj) P(M = mj) 

5 0.000 0.166 

5.1 0.166 0.139 

5.2 0.305 0.116 

5.3 0.421 0.097 

5.4 0.518 0.082 

5.5 0.600 0.068 

5.6 0.668 0.057 

5.7 0.726 0.048 

5.8 0.774 0.040 

5.9 0.814 0.034 

6 0.847 0.028 

6.1 0.875 0.024 

6.2 0.899 0.020 

6.3 0.919 0.017 

6.4 0.935 0.014 

6.5 0.949 0.012 

6.6 0.961 0.010 

6.7 0.971 0.008 

6.8 0.979 0.007 

6.9 0.986 0.006 

7 0.991 0.005 

7.1 0.996 0.004 

7.2 1.000 0.001 

 

3.3.1.2 Style-of-Faulting 

 

The consideration of the style of faulting affecting predicting parameters in GMPEs is now common. 

There are five general types of styles-of-faulting: reverse, reverse/oblique, strike-slip, normal/oblique, 

and normal. These are typically defined by the rake angle as shown in Figure 3.3. The rake is defined 
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as the relative movement of the hanging wall during an earthquake with respect to the footwall, 

measured in the plane of the fault. Rake angle present between the direction of slip on the fault plane 

and the strike. This angle is separate different styles of faulting but it is not the same for all models, the 

recent models show the following classification as shown Figure 3.3. 

 

Figure 3.3:  Style-of-Faulting in terms of the rake angle 

 

3.3.1.3  Fault Dip Angle (δ) 

 

The fault dip is the angle from the horizontal to the fault plane (see Figure 3.4).  A vertical fault has a 

90-degree dip. If the dip angle (δ) is not specified, it is estimated from the style of faulting (using the 

rake angle) from the guidelines explained in Kaklamanos et al. (2011)   and modified  (Chiou & Youngs, 

2008) used in developing their NGA model. 

Style of faulting                  Dip angle (δ) 

Strike − slip faulting             δ = 90° 

Normal faulting                      δ = 50° 

Reverse faulting                      δ = 40° 
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Figure 3.4:  Hanging wall and footwall definitions for a buried rupture. 

 

3.3.1.4  Down Dip Width 

 

The average width of a rupture surface is measured in the down-dip direction. The down-dip 

rupture width (W) is estimated from the moment magnitude (M) and style of faulting by using the 

logarithmic relationships (Wells & Coppersmith, 1994) 

 

 

 

 

𝑊 = 10 − 0.76 + 0.27𝑀      𝑓𝑜𝑟 𝑠𝑡𝑟𝑖𝑘𝑒 − 𝑠𝑙𝑖𝑝 𝑒𝑣𝑒𝑛𝑡𝑠 

𝑊 = 10 − 1.61 + 0.41𝑀     𝑓𝑜𝑟 𝑟𝑒𝑣𝑒𝑟𝑠𝑒 𝑒𝑣𝑒𝑛𝑡𝑠 

 𝑊 = 10 − 1.14 + 0.35𝑀    𝑓𝑜𝑟 𝑛𝑜𝑟𝑚𝑎𝑙 𝑒𝑣𝑒𝑛𝑡𝑠                                                                            3.6                                                                                      
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Table 3.2 Calculation of down-dip width of different fault types in each discrete magnitudes 

 

Fault Type Down Dip Width 

Strike-Slip M W strike W reverse W normal 

SS NF RF 5 3.89 2.75 4.07 

1 0 0 5.1 4.14 3.03 4.42 

Normal  5.2 4.41 3.33 4.79 

SS NF RF 5.3 4.69 3.66 5.19 

0 1 0 5.4 4.99 4.02 5.62 

Reverse 5.5 5.31 4.42 6.10 

SS NF RF 5.6 5.65 4.85 6.61 

0 0 1 5.7 6.01 5.33 7.16 

   
5.8 6.40 5.86 7.76 

   
5.9 6.81 6.44 8.41 

   
6 7.24 7.08 9.12 

   
6.1 7.71 7.78 9.89 

   
6.2 8.20 8.55 10.72 

   
6.3 8.73 9.40 11.61 

   
6.4 9.29 10.33 12.59 

   
6.5 9.89 11.35 13.65 

   
6.6 10.52 12.47 14.79 

   
6.7 11.19 13.71 16.03 

   
6.8 11.91 15.07 17.38 

   
6.9 12.68 16.56 18.84 

   
7 13.49 18.20 20.42 

   
7.1 14.35 20.00 22.13 

   
7.2 15.28 21.98 23.99 
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3.3.1.5  Depth to Top of Rupture 

 

In the new Next Generation Attenuation model, the effect of depth of faulting included the depth-to-top 

of rupture as shown in Figure 3.4. This parameter is the depth to the top of the specific earthquake 

rupture and not the depth to the top of the fault itself. 

 

Kaklamanos et al. (2010) estimated  the depth to the top of rupture (ZTOR) by using the hypocentral 

depth (ZHYP), down-dip rupture width (W), and dip (δ),  assuming that the hypocenter is located 60 

percent down the fault width, as suggested by the result of Mai et al. (2005): 

 

The values of W and δ are estimated using the above-mentioned methods, and ZHYP may be estimated 

using the linear relationship between ZHYP and M (Scherbaum , et al., 2004) : 

 

3.3.1.6  Aftershock Flag/Main Shock Flag 

 

In the Next Generation Attenuation (NGA) there are different types of Ground motion Prediction 

Equations (GMPE) models, AS08 and CY08 models have included aftershock data in their GMPE. 

Chiou and Youngs (2008) including aftershock data due to it gives additional information to control the 

site response model coefficients. In their analysis, they found aftershocks tend to produce lower motions 

than main shocks with similar magnitudes and the style of faulting effects of aftershocks was weaker 

than main shocks. 

 

Aftershock flag; equal to 1 for aftershocks and 0 for main shocks. 

 

𝑍𝑇𝑂𝑅 = 𝑚𝑎𝑥  [(𝑍𝐻𝑌𝑃 − 0.6𝑊 𝑠𝑖𝑛 𝛿),0]                                                                                       3.7                                                                                                         

𝑍𝐻𝑌𝑃 = 5.63 +  0.68𝑀      𝑓𝑜𝑟 𝑠𝑡𝑟𝑖𝑘𝑒 − 𝑠𝑙𝑖𝑝 𝑒𝑣𝑒𝑛𝑡𝑠 

𝑍𝐻𝑌𝑃 = 11.24 –  0.2𝑀       𝑓𝑜𝑟 𝑟𝑒𝑣𝑒𝑟𝑠𝑒 𝑒𝑣𝑒𝑛𝑡𝑠 

𝑍𝐻𝑌𝑃 = 7.08 + 0.61𝑀     𝑓𝑜𝑟 𝑛𝑜𝑟𝑚𝑎𝑙 𝑒𝑣𝑒𝑛𝑡𝑠                                                                              3.8                                                                                     
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3.3.2 Path Parameters 

 

3.3.2.1  Distance 

 

At the time of earthquake rupture energy released in the form of stress waves, these stress waves travel 

away from the source of an earthquake and energy decreases with increasing distance from the source. 

The distance between the source of an earthquake and the site is interpreted in different ways. 

 

Kaklamanos et al. (2011) derive an equation relating the three distance measures required to implement 

the NGA models. GMPE of Chiou and Youngs (2008) use this model, but the model is used for small 

distances; otherwise, the errors are large. They use source-to-site azimuth (α) to drive the distance 

equation. The definition of the source-to-site azimuth is shown in, Appendix A which is a plan view of 

the surface projection of the ruptured area. It has five example sites that are shown, along with their 

source-to-site azimuths and site coordinates. Sites 1, 2, and 4 are on the hanging wall side of the fault 

and have positive azimuths; sites 3 and 5 are on the footwall side of the fault and have negative azimuths. 

They proposed an approximated number of α If α is not specified based on the average value of the 

NGA flatfile, assign α to be 50° for sites on the hanging wall side of the fault (FHW = 1) and −50° for 

sites on the footwall side of the fault   (FHW = 0). 

𝑅𝑅𝑈𝑃 : - Closest distance (km) to the fault rupture plane, as shown in Appendix B. 

𝑅𝐽𝐵: - Joyner-Boore distance - The shortest horizontal distance (km) to the surface projection of        

          the rupture area.  RJB is the distance to the vertical projection of the fault rupture plane.  

         RJB is zero when located directly above the ruptured area. If the Joyner-Boore distance is        

        less than 10 km it is define the station as a near-source as stated by Yamada et al (2007). 

𝑅𝑋: - The horizontal distance (km) to the fault trace or surface projection of the top of rupture  

              plane.  It is measured perpendicular to the fault (or the fictitious extension of the fault). 

 

The site coordinates (RX) are estimated by using a geometrical equation derived by Kaklamanos et al. 

(2011) and it depends on the site location, its fault strike, and the fault parameters found in Table 3.3. 
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Equatins for site coordinate, RX 

For vertical strike-slip faults (i.e., δ= 90°) 

𝑅𝑋 = 𝑅𝐽𝐵 sin α     (for δ = 90°) 

For non-vertical faults 

Table 3.3 Equations for calculating RX 

 

Euations for rupture distance, RRUP 

RRUP can be calculated from 𝑅𝑋 

For vertical faults (δ=90°), the rupture distance, RRUP, can be calculated by the Equations 3.9 

For non-vertical faults (δ≠90°), the rupture distance, RRUP, can be calculated by the Equations 3.10 

Where 

 

 

𝑅𝑅𝑈𝑃 = √𝑅𝐽𝐵
2 + 𝑍𝑇𝑂𝑅

2                                                                                                                         3.9                                                                                                       

𝑅𝑋 = √𝑅𝑅𝑈𝑃
′ 2

+ 𝑅𝑌   
2                                                                                                                         3.10                                                                                                      

𝑅𝑅𝑈𝑃
′ = √𝑅𝑋

2 + 𝑍𝑇𝑂𝑅
2                       for     RX ≤ 𝑍𝑇𝑂𝑅 𝑡𝑎𝑛 𝛿                                                            3.11                                                  

𝑅𝑅𝑈𝑃
′ = 𝑅𝑋 sin δ + 𝑍𝑇𝑂𝑅 cos     for    𝑍𝑇𝑂𝑅 𝑡𝑎𝑛 𝛿 ≤ RX  ≤   𝑍𝑇𝑂𝑅 𝑡𝑎𝑛 𝛿+ W sec δ                 3.12                                                  

𝑅𝑅𝑈𝑃
′  =  √(𝑅𝑋– 𝑊 𝑐𝑜𝑠 𝛿)2 + (𝑍𝑇𝑂𝑅 + 𝑊 𝑠𝑖𝑛 𝛿)2         for      RX   ≥ 𝑍𝑇𝑂𝑅 𝑡𝑎𝑛 𝛿+ W sec δ    3.13                                                                                        
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RY is the closest distance from the site to the ruptured area, measured parallel to the strike 

 

Table 3.4 Calculation of Site coordinates (Rx) of different fault types in each discrete magnitudes 

Fault type 

Dip 

angle 

M 
W 

strike 
W 

reverse 
W 

normal 

W 

cosδ 
Strike 

W cosδ 
Reverse 

W cosδ 
Normal 

Strike 90ᵒ 5 3.89 2.75 4.07 0.00 2.11 2.62 

Reverse 40ᵒ 5.1 4.14 3.03 4.42 0.00 2.32 2.84 

Normal 50ᵒ 5.2 4.41 3.33 4.79 0.00 2.55 3.08 

  
5.3 4.69 3.66 5.19 0.00 2.80 3.33 

Α 50.0 5.4 4.99 4.02 5.62 0.00 3.08 3.61 

Assume 
Rjb 18.0 5.5 5.31 4.42 6.10 0.00 3.38 3.92 

  
5.6 5.65 4.85 6.61 0.00 3.72 4.25 

  
5.7 6.01 5.33 7.16 0.00 4.09 4.60 

  
5.8 6.40 5.86 7.76 0.00 4.49 4.99 

  
5.9 6.81 6.44 8.41 0.00 4.93 5.41 

  
6 7.24 7.08 9.12 0.00 5.42 5.86 

  
6.1 7.71 7.78 9.89 0.00 5.96 6.35 

  
6.2 8.20 8.55 10.72 0.00 6.55 6.89 

  
6.3 8.73 9.40 11.61 0.00 7.20 7.47 

  
6.4 9.29 10.33 12.59 0.00 7.91 8.09 

  
6.5 9.89 11.35 13.65 0.00 8.69 8.77 

  
6.6 10.52 12.47 14.79 0.00 9.56 9.51 

  
6.7 11.19 13.71 16.03 0.00 10.50 10.31 

  
6.8 11.91 15.07 17.38 0.00 11.54 11.17 

  
6.9 12.68 16.56 18.84 0.00 12.68 12.11 

  
7 13.49 18.20 20.42 0.00 13.94 13.12 

  
7.1 14.35 20.00 22.13 0.00 15.32 14.23 

  
7.2 15.28 21.98 23.99 0.00 16.84 15.42 

 

      0                              𝑓𝑜𝑟 𝛼 = ±   90°                                                                                           3.14 

   𝑅𝑌   =      𝑅𝐽𝐵        𝑓𝑜𝑟 𝛼 = 0° 𝑜𝑟 ±    180°                                                                            3.15                                                                                                     

 ∕ 𝑅𝑋 𝑐𝑜𝑡 𝛼 ∕              Otherwise                                                                                                    3.16 
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Table 3.5 Calculation of the closest distance to the rupture plane (RRup) for different fault types in 

each discrete magnitude 

Rib=18 

M 

Ry 

reverse 

Ry 

normal 

Rrup', 

reverse 

Rrup', 

normal 

Rrup 

strike 

Rrup 

rev 

Rrup 

nor 

5.0 12.58 12.81 17.29 18.12 20.59 21.38 22.19 

5.1 12.67 12.91 17.37 18.21 20.59 21.50 22.32 

5.2 12.78 13.02 17.45 18.31 20.59 21.63 22.46 

5.3 12.89 13.13 17.54 18.41 20.59 21.76 22.62 

5.4 13.02 13.25 17.63 18.53 20.59 21.91 22.78 

5.5 13.15 13.39 17.73 18.65 20.59 22.08 22.95 

5.6 13.30 13.53 17.85 18.78 20.59 22.26 23.14 

5.7 13.46 13.68 17.97 18.92 20.59 22.45 23.34 

5.8 13.63 13.84 18.10 19.06 20.59 22.66 23.56 

5.9 13.82 14.02 18.25 19.22 20.59 22.89 23.79 

6.0 14.02 14.20 18.40 19.39 20.59 23.13 24.04 

6.1 14.24 14.40 18.57 19.57 20.59 23.40 24.30 

6.2 14.47 14.61 18.75 19.76 20.59 23.69 24.57 

6.3 14.73 14.83 18.94 19.96 20.59 23.99 24.87 

6.4 14.99 15.06 19.15 20.18 20.59 24.32 25.18 

6.5 15.28 15.31 19.37 20.40 20.59 24.67 25.51 

6.6 15.58 15.56 19.60 20.64 20.59 25.04 25.85 

6.7 15.90 15.83 19.84 20.88 20.59 25.42 26.21 

6.8 16.22 16.11 20.09 21.14 20.59 25.82 26.58 

6.9 16.56 16.39 20.35 21.40 20.59 26.23 26.95 

7.0 16.90 16.68 20.61 21.66 20.59 26.65 27.34 

7.1 17.23 16.97 20.86 21.92 20.59 27.05 27.72 

7.2 17.54 17.25 21.09 22.18 20.59 27.43 28.10 
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3.3.2.2  Hanging-Wall / Footwall Wall 

 

Somerville and Abrahamson (1995) and Abrahamson and Somerville (1996) proposed the “hanging 

wall” effect in which ground motions are higher in the hanging wall of reverse earthquakes. Reverse-

faulting earthquake produced statistically significant higher motions than strike-slip earthquakes. 

Dipping faults have a hanging wall and a footwall as shown in Figure 3.5. 

 

In PEER-NGA ground motion models, the source and path parameters allow separation between 

hanging wall and footwall of dipping faults, the ground motion at hanging wall sites have larger motion 

than that on footwall sites at the same seismogenic-distance (Somervill 2000).  

 

Figure 3.5:  Fault types 

 

3.3.3 Site Parameters 

 

The time-averaged shear-wave velocity over a subsurface depth of 30 meters (VS30) is the primary site 

characteristic in the NGA models. 
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3.3.3.1  Site Classifications 

 

Site classifications vary from country to country. The amplitude of the ground motion depends on the 

properties of the material through which waves propagate. Most of the new NGA model site 

classifications are based on the shear wave velocity in the top 30 m. 

 

The options for site classification that can be chosen are different for various ground motion prediction 

equations; in this study, ground motion prediction equations are chosen that are suitable for Ethiopia as 

stated by (Ayele, 2017). 

 

The shear wave velocity (Vs) of each soil or rock layer may be measured in-situ or, where applicable, 

estimated based on empirical correlations with other parameters (e.g. field or lab data).  In-situ 

measurements of Vs using geophysical methods, where feasible, are relatively simple and preferred for 

estimating ground motions. 

 

Where D is the layer thickness (m) and V is the shear wave velocity (m/s) for that layer. 

 

3.3.3.2  Sediment Thickness 

 

The effect of local site conditions is not completely represented by the shear wave velocity. Campbell (1989) 

found the parameter for depth to basement rock improved the predictive ability of empirical ground motion 

models. Another investigator had proposed that including basin depth leads to improved empirical ground motion 

models (e.g., Joyner 2000; Field 2000). 

 

Chiou and Young (2008) add sediment thickness as a second site parameter. It defines the depth to a material 

(bedrock) with a shear-wave velocity (VS) of 1 km/sec or greater. They recommend using the following median 

relationship to estimate Z 1.0 from VS30: 

 
𝑉𝑆30 =

30𝑚
𝐷1

𝑉1
+

𝐷2

𝑉2
+

𝐷3

𝑉3
+ ⋯

𝐷𝑛

𝑉𝑛

 
                 

3.1 

𝑍1.0= exp [28.5 -  
3.82

8
𝑙𝑛 [𝑉𝑆30

8 + 378.78]                                                                                       3.18 
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3.4 Ground Motion Prediction Equations 

 

Many empirical ground motion predictions (attenuation) equations have been developed over the years. 

Ground motion prediction equations (GMPEs) are used to measure ground-motion intensity, such as 

Peak Ground Acceleration (PGA) and spectral acceleration at the individual vibration period. 

 

GMPEs are usually derived by using empirical data. Those data and the resulting GMPEs depend on 

three distinct different tectonic zones: shallow crustal earthquakes, subduction zones, and stable 

continental regions. 

 

In 2008, the research project ended up with a complete database of strong ground motions recorded 

worldwide, and a set of peer-reviewed GMPEs (NGA-West1 models) was published for the horizontal 

ground motion component (Power et al., 2008). Slowly, NGA-west 1 PSHA models applicable outside 

California. Recent studies by Stafford et al. (2008), Scasserra et al. (2009), Shoja-Taheri et al. (2010), 

Bradley (2013), and Ayele (2017) tested the applicability of the NGA-West1 GMPEs for the Euro-

Mediterranean Region, Italy, Iran, New Zealand, and East Africa rift. Scasserra et al. (2009) have taken 

a further attempt and modified the distance scaling of the NGA-West1 GMPEs by re-regressing the 

model coefficients related to the distance attenuation and the constant term for PGA, 0.2, 0.5, 1, and 2 

second spectral periods. Bradley (2013) found that the Chiou and Youngs (2008) model performed 

better than the other NGA-West1 models in capturing the difference between small magnitude scaling 

of the NGA-West1 and New Zealand datasets, especially after the small magnitude model proposed by 

Chiou et al. (2010) was included. However, several other features of the Chiou and Youngs (2008) 

GMPE had to be adjusted for New Zealand and the coefficients of the modified model were provided 

by Bradley (2013). (Ayele, 2017) Adopted Chiou and Youngs (2008) model for East Africa rift for those 

seismic sources characterized by shallow crustal earthquakes. 

 

In Ethiopia there is no recorded strong- motion data because of this, there are no estimated or proposed 

GMPEs based on strong motion data as explained (Ayele, 2017). In this thesis shallow crustal 

earthquake, GMPE of Chiou and Youngs (2008) model is used as (Ayele, 2017)  recommended Chiou 

and Youngs (2008) attenuation model which seems to match the East African Rift. 
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(David & Haiganoush, 1984) Cited Joyner and Boore (1981) first separated the aleatory variability into  

inter- and intra-event components by using a two-stage regression technique. Fukushima and Tanaka 

(1990) showed that failing to separate these components in typical multiple regression leads to an 

underestimation of the magnitude and distance dependency in GMPEs. 

 

 

 

 

 

 

𝑙𝑛(𝑦𝑟𝑒𝑓𝑖𝑗) = 𝑐1 + 𝑐1𝑎𝐹𝑅𝑉𝑖 + 𝑐1𝐹𝑁𝑀𝑖 + 𝑐7(𝑍𝑇𝑂𝑅𝑖 − 4)(1 − 𝐴𝑆𝑖) + 

                                                           𝑐10 + 𝑐7𝑎(𝑍𝑇𝑂𝑅𝑖 − 4)𝐴𝑆𝑖 + 𝑐2(𝑀𝑖 − 6) +
𝑐2−𝑐3

𝑐𝑛
𝑙𝑛 (1 +

                                                     𝑒𝑐𝑛(𝑐𝑚−𝑀𝑖) + 𝑐4𝑙𝑛 (𝑅𝑅𝑢𝑝𝑖𝑗 + 𝑐5𝑐𝑜𝑠ℎ (𝑐6 𝑚𝑎𝑥(𝑀𝑖 − 𝑐𝐻𝑀,0) +

                                                             𝑐4𝑎 − 𝑐4𝑙 𝑛 (√𝐶𝑅𝐵
2 + 𝑅𝑅𝑈𝑃𝑖𝑗

2
) +

                                                           (𝑐𝛾1
𝑐𝛾2

𝑐𝑜𝑠ℎ (𝑚𝑎𝑥 (𝑀𝑖−𝑐𝛾3,0
)𝑅𝑅𝑢𝑝𝑖𝑗 +

                                                           𝑐9𝐹𝐻𝑊𝑖𝑗 𝑡𝑎𝑛ℎ
𝑅𝑥𝑖𝑗𝑐𝑜𝑠2𝛿𝑖 

𝑐9𝑎

√𝑅𝐽𝐵𝑖𝑗
2+𝑍𝑇𝑂𝑅𝑖

2

𝑅𝑅𝑢𝑝𝑖𝑗+0.001
                             3.19                                                         

𝑙𝑛(𝑦𝑖𝑗) = 𝑙𝑛𝑦𝑟𝑒𝑓𝑖𝑗 + ∅1 𝑚𝑖𝑛 (𝑙𝑛
𝑉𝑠30𝑗

1130
, 0) + ∅2(𝑒∅3(𝑚𝑖𝑛(𝑉𝑠30𝑗 ,1130)−360)−  

                                          𝑒∅3(1130−360) 𝑙𝑛 (
𝑦𝑟𝑒𝑓𝑖𝑗𝑒𝑛𝑖+∅4

∅4
) + ∅5  + (1 −

1

𝑐𝑜𝑠ℎ∅6𝑚𝑎𝑥 (0,𝑍1.0−∅7)
) +

                                             
∅8

𝑐𝑜𝑠ℎ (0.15.𝑚𝑎𝑥(0,𝑍1.0−15) 
+ 𝜂𝑖 + 𝜀𝑖𝑗                                         

                                                                                                                                            3.20 
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Where; 

            𝑀          Moment magnitude 

RRUP       The closest distance to the rupture plane (km) 

RJB         Joyner-Boore distance to the rupture plane (km) 

RX         Site coordinate (km) measured perpendicular to the fault strike from the   

             surface projection of the up-dip edge of the fault rupture, with the down-          

             dip direction being positive. 

FHW        Hanging-wall flag: 1 for RX ≥ 0 and 0 for RX <0 

δ             Fault dip angle 

ZTOR       Depth to top of rupture (km) 

FRV         Reverse faulting flag: 1 for 30° ≤ λ ≤150° (combined reverse and  

                 reverse oblique), 0 otherwise; λ is the rake angle 

FNM        Normal faulting flag: 1 for −120° ≤ λ ≤−60° (excludes normal-oblique),  

               0 otherwise. 

AS          Aftershock flag: 1 if the event is an aftershock, 0 otherwise 

VS30        Average shear wave velocity in the top 30 m (m/s) 

Z 1.0         Depth to shear wave velocity of 1.0 km/s (m). 
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Table 3.6 Coefficients used by Chiou and Youngs (2008) GMPE for estimating peak ground 

acceleration 

         
Period-dependent coefficients  

 
Period-independent coefficients 

c1 

-

1.2687 c7 
0.0512 

 
c2 

1.06 
CRB 

50 

c1a 0.1 c7a 0.086 
 

c3 3.45 CHM 3 

c1b -0.255 c9 0.79 
 

c4 -2.1 cy3 4 

Cn 2.996 c9a 1.5005 
 

c4a -0.5     

CM 4.184 c10 -0.3218 
     

c5 6.16 cy1 -0.00804 
     

c6 0.4893 Cy2 -0.00785 
     

         
Coefficients of variance  

 
Coefficients of site response  

τ1 0.3437 σ4 0.0663 
 

ϕ1 -0.4417 ϕ5 0.2289 

τ2 0.2637 F inffered 1 
 

ϕ2 -0.1417 ϕ6 0.014996 

σ1 0.4458 Fmeasure 0 
 

ϕ3 -0.00701 ϕ7 580 

σ2 0.3459 VS30 557.0251 
 

ϕ4 0.102151 ϕ8 0.07 

σ3 0.8     
     

         
Dip angle  (δ) 

   
Strike Slip     

 
90 Fhw 

   
SS NF RF 

 
40 1 

   
1 0 0 

 
50   

   
Normal      

 
Hanging wall 

effect 
   

SS NF RF 

 
Fhw 1 

   
0 1 0 

 

     
Reverse     

 

     
SS NF RF 

 

     
0 0 1 
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3.5 Effect of Earthquake Size 

 

The effect of earthquake size is calculated in Table 3.7. The first three columns show the fault 

mechanism. The 4th & 5th columns show the symbols and the value coefficients of earthquake size. 

 

In this thesis, the magnitude is discrete into 0.1 intervals from a minimum value of 5 to the maximum 

value of 7.2 

Table 3.7 Earthquake magnitude scaling 

Earthquake magnitude effect 

Strike Slip c1 -1.2687 Mi Strike Slip Normal  Reverse 

SS NF RF c1a 0.1 5.0 -2.088 -2.343 -1.988 

1 0 0 c1b -0.255 5.1 -1.965 -2.220 -1.865 

Normal  Cn 2.996 5.2 -1.847 -2.102 -1.747 

SS NF RF CM 4.184 5.3 -1.731 -1.986 -1.631 

0 1 0 c7 0.0512 5.4 -1.618 -1.873 -1.518 

Reverse c2 1.06 5.5 -1.507 -1.762 -1.407 

SS NF RF c3 3.45 5.6 -1.397 -1.652 -1.297 

0 0 1 Ztor 10 5.7 -1.288 -1.543 -1.188 

 
 

   
5.8 -1.180 -1.435 -1.080 

 
 

   
5.9 -1.072 -1.327 -0.972 

 
 

   
6.0 -0.965 -1.220 -0.865 

 
 

   
6.1 -0.858 -1.113 -0.758 

 
 

   
6.2 -0.751 -1.006 -0.651 

 
 

   
6.3 -0.645 -0.900 -0.545 

 
 

   
6.4 -0.539 -0.794 -0.439 

 
 

   
6.5 -0.432 -0.687 -0.332 

 
 

   
6.6 -0.326 -0.581 -0.226 

 
 

   
6.7 -0.220 -0.475 -0.120 

 
 

   
6.8 -0.114 -0.369 -0.014 

 
 

  
 6.9 -0.008 -0.263 0.092 

 
 

 
 

 
7.0 0.098 -0.157 0.198 

 
 

 
 

 
7.1 0.204 -0.051 0.304 

 
 

 
 

 
7.2 0.310 0.055 0.410 



   

59 
 

3.6 Effect of Distance Path 

 

The path function is calculated in Table 3.8. The first two columns show the path coefficient symbols 

and value. The 3rd column shows the discrete magnitude. 4th to 6th columns show the calculated values 

of R for different fault mechanisms.    

 

Table 3.8 Distance path effect calculation 

Distance path effect 

Coefficient Mi Strike Reverse Normal 

c5 6.16 5 -2.25230 -2.27898 -2.30554 

c6 0.4893 5.1 -2.31698 -2.34650 -2.37256 

cy1 -0.00804 5.2 -2.38289 -2.41532 -2.44084 

Cy2 -0.00785 5.3 -2.45001 -2.48540 -2.51034 

c4 -2.1 5.4 -2.51830 -2.55674 -2.58103 

c4a -0.5 5.5 -2.58776 -2.62928 -2.65288 

CRB 50 5.6 -2.65835 -2.70300 -2.72586 

CHM 3 5.7 -2.73004 -2.77787 -2.79992 

cy3 4 5.8 -2.80282 -2.85385 -2.87503 

  
5.9 -2.87667 -2.93090 -2.95116 

  
6 -2.95154 -3.00897 -3.02825 

  
6.1 -3.02743 -3.08801 -3.10627 

  
6.2 -3.10430 -3.16798 -3.18516 

  
6.3 -3.18213 -3.24882 -3.26489 

  
6.4 -3.26089 -3.33048 -3.34539 

  
6.5 -3.34056 -3.41287 -3.42661 

  
6.6 -3.42111 -3.49594 -3.50850 

  
6.7 -3.50251 -3.57960 -3.59099 

  
6.8 -3.58474 -3.66377 -3.67402 

  
6.9 -3.66778 -3.74834 -3.75753 

  
7 -3.75160 -3.83320 -3.84143 

  
7.1 -3.83617 -3.91821 -3.92565 

  
7.2 -3.92147 -4.00321 -4.01010 
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3.7 Effect of Hanging Wall 

 

Table 3.9 Calculation of Hanging Wall effect 

Hanging wall effect 

Dip angle (δ) 

Hanging 

wall 

coefficient Mi Strike Reverse Normal 

90 

1 

5 4.85619E-05 0.827083171 0.861795783 

40 5.1 4.85619E-05 0.832278379 0.867279359 

50 5.2 4.85619E-05 0.837886408 0.873106804 

  
5.3 4.85619E-05 0.843929744 0.879290042 

  
5.4 4.85619E-05 0.850430037 0.885839792 

  
5.5 4.85619E-05 0.857407576 0.89276523 

  
5.6 4.85619E-05 0.86488067 0.900073602 

  
5.7 4.85619E-05 0.872864911 0.907769792 

  
5.8 4.85619E-05 0.881372313 0.915855837 

  
5.9 4.85619E-05 0.890410315 0.92433037 

  
6 4.85619E-05 0.899980606 0.933187996 

  
6.1 4.85619E-05 0.910077765 0.942418575 

  
6.2 4.85619E-05 0.920687657 0.952006399 

  
6.3 4.85619E-05 0.931785518 0.961929224 

  
6.4 4.85619E-05 0.94333363 0.972157106 

  
6.5 4.85619E-05 0.955278409 0.982650977 

  
6.6 4.85619E-05 0.967546616 0.993360838 

  
6.7 4.85619E-05 0.980040226 1.004223377 

  
6.8 4.85619E-05 0.992629106 1.01515874 

  
6.9 4.85619E-05 1.005140022 1.026065944 

  
7 4.85619E-05 1.017339145 1.036816129 

  
7.1 4.85619E-05 1.028902485 1.047242164 

  
7.2 4.85619E-05 1.039362221 1.05712191 
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PGA calculated from the distance of 22m up to 29m Rupture distance, the Rjb distance of 18m, and 

magnitude of 5 up to 7.2 as shown in Table 3.10. The first column shows the magnitude, from 2nd to 

and 4th column shows the magnitude (Source) effect according to the style of faulting. From the 5 th to 

7th column shows the distance (path) effect, according to the style of faulting. The 8th, 9th, and 10th 

columns show the Hanging wall effect. The last three columns show the PGA values of Strike-Slip, 

Reverse, and Normal faults 

 

Table 3.10 Peak ground acceleration 
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5 -2.088 -1.988 -2.343 -2.252 -2.279 -2.306 0.000 0.827 0.862 -4.340 -3.440 -3.787 0.013 0.032 0.023

5.1 -1.965 -1.865 -2.220 -2.317 -2.347 -2.373 0.000 0.832 0.867 -4.282 -3.379 -3.725 0.014 0.034 0.024

5.2 -1.847 -1.747 -2.102 -2.383 -2.415 -2.441 0.000 0.838 0.873 -4.229 -3.324 -3.669 0.015 0.036 0.025

5.3 -1.731 -1.631 -1.986 -2.450 -2.485 -2.510 0.000 0.844 0.879 -4.181 -3.273 -3.617 0.015 0.038 0.027

5.4 -1.618 -1.518 -1.873 -2.518 -2.557 -2.581 0.000 0.850 0.886 -4.136 -3.224 -3.568 0.016 0.040 0.028

5.5 -1.507 -1.407 -1.762 -2.588 -2.629 -2.653 0.000 0.857 0.893 -4.095 -3.179 -3.522 0.017 0.042 0.030

5.6 -1.397 -1.297 -1.652 -2.658 -2.703 -2.726 0.000 0.865 0.900 -4.055 -3.135 -3.478 0.017 0.043 0.031

5.7 -1.288 -1.188 -1.543 -2.730 -2.778 -2.800 0.000 0.873 0.908 -4.018 -3.093 -3.435 0.018 0.045 0.032

5.8 -1.180 -1.080 -1.435 -2.803 -2.854 -2.875 0.000 0.881 0.916 -3.983 -3.052 -3.394 0.019 0.047 0.034

5.9 -1.072 -0.972 -1.327 -2.877 -2.931 -2.951 0.000 0.890 0.924 -3.949 -3.013 -3.354 0.019 0.049 0.035

6 -0.965 -0.865 -1.220 -2.952 -3.009 -3.028 0.000 0.900 0.933 -3.916 -2.974 -3.315 0.020 0.051 0.036

6.1 -0.858 -0.758 -1.113 -3.027 -3.088 -3.106 0.000 0.910 0.942 -3.885 -2.936 -3.277 0.021 0.053 0.038

6.2 -0.751 -0.651 -1.006 -3.104 -3.168 -3.185 0.000 0.921 0.952 -3.856 -2.899 -3.240 0.021 0.055 0.039

6.3 -0.645 -0.545 -0.900 -3.182 -3.249 -3.265 0.000 0.932 0.962 -3.827 -2.862 -3.203 0.022 0.057 0.041

6.4 -0.539 -0.439 -0.794 -3.261 -3.330 -3.345 0.000 0.943 0.972 -3.799 -2.826 -3.167 0.022 0.059 0.042

6.5 -0.432 -0.332 -0.687 -3.341 -3.413 -3.427 0.000 0.955 0.983 -3.773 -2.790 -3.131 0.023 0.061 0.044

6.6 -0.326 -0.226 -0.581 -3.421 -3.496 -3.508 0.000 0.968 0.993 -3.747 -2.754 -3.096 0.024 0.064 0.045

6.7 -0.220 -0.120 -0.475 -3.503 -3.580 -3.591 0.000 0.980 1.004 -3.722 -2.719 -3.062 0.024 0.066 0.047

6.8 -0.114 -0.014 -0.369 -3.585 -3.664 -3.674 0.000 0.993 1.015 -3.699 -2.685 -3.028 0.025 0.068 0.048

6.9 -0.008 0.092 -0.263 -3.668 -3.748 -3.758 0.000 1.005 1.026 -3.675 -2.651 -2.994 0.025 0.071 0.050

7 0.098 0.198 -0.157 -3.752 -3.833 -3.841 0.000 1.017 1.037 -3.653 -2.618 -2.961 0.026 0.073 0.052

7.1 0.204 0.304 -0.051 -3.836 -3.918 -3.926 0.000 1.029 1.047 -3.632 -2.585 -2.929 0.026 0.075 0.053

7.2 0.310 0.410 0.055 -3.921 -4.003 -4.010 0.000 1.039 1.057 -3.611 -2.553 -2.898 0.027 0.078 0.055

PGA
Magntude effect Distance effect Hanging Wall ln⁡(yrefij )=EM+ED+EHW Yrefij in g
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Table 3.11 Summary of PGA for all considering normal fault 

PGA Summary for normal fault 

Distance 
Magnitude 

Rjb 18 

RX RRUP 5.00 5.10 5.20 5.30 5.40 5.50 5.60 5.70 5.80 5.90 6.00 6.10 6.20 6.30 6.40 6.50 6.60 6.70 6.80 6.90 7.00 7.10 7.20 

15.27 22.19 0.01 0.01 0.01 0.01 0.02 0.02 0.02 0.03 0.03 0.03 0.04 0.04 0.05 0.05 0.06 0.06 0.07 0.08 0.08 0.09 0.10 0.10 0.11 

15.38 22.32 0.01 0.01 0.01 0.01 0.02 0.02 0.02 0.03 0.03 0.03 0.04 0.04 0.05 0.05 0.06 0.07 0.07 0.08 0.08 0.09 0.10 0.10 0.11 

15.51 22.46 0.01 0.01 0.01 0.01 0.02 0.02 0.02 0.03 0.03 0.03 0.04 0.04 0.05 0.05 0.06 0.07 0.07 0.08 0.09 0.09 0.10 0.11 0.11 

15.65 22.62 0.01 0.01 0.01 0.01 0.02 0.02 0.02 0.03 0.03 0.03 0.04 0.04 0.05 0.06 0.06 0.07 0.07 0.08 0.09 0.09 0.10 0.11 0.12 

15.79 22.78 0.01 0.01 0.01 0.01 0.02 0.02 0.02 0.03 0.03 0.04 0.04 0.05 0.05 0.06 0.06 0.07 0.07 0.08 0.09 0.09 0.10 0.11 0.12 

15.95 22.95 0.01 0.01 0.01 0.01 0.02 0.02 0.02 0.03 0.03 0.04 0.04 0.05 0.05 0.06 0.06 0.07 0.08 0.08 0.09 0.10 0.10 0.11 0.12 

16.12 23.14 0.01 0.01 0.01 0.01 0.02 0.02 0.02 0.03 0.03 0.04 0.04 0.05 0.05 0.06 0.06 0.07 0.08 0.08 0.09 0.10 0.10 0.11 0.12 

16.30 23.34 0.01 0.01 0.01 0.01 0.02 0.02 0.02 0.03 0.03 0.04 0.04 0.05 0.05 0.06 0.06 0.07 0.08 0.08 0.09 0.10 0.11 0.11 0.12 

16.50 23.56 0.01 0.01 0.01 0.01 0.02 0.02 0.02 0.03 0.03 0.04 0.04 0.05 0.05 0.06 0.07 0.07 0.08 0.09 0.09 0.10 0.11 0.12 0.13 

16.70 23.79 0.01 0.01 0.01 0.01 0.02 0.02 0.02 0.03 0.03 0.04 0.04 0.05 0.05 0.06 0.07 0.07 0.08 0.09 0.09 0.10 0.11 0.12 0.13 

16.92 24.04 0.01 0.01 0.01 0.01 0.02 0.02 0.02 0.03 0.03 0.04 0.04 0.05 0.05 0.06 0.07 0.07 0.08 0.09 0.10 0.10 0.11 0.12 0.13 

17.16 24.30 0.01 0.01 0.01 0.01 0.02 0.02 0.02 0.03 0.03 0.04 0.04 0.05 0.06 0.06 0.07 0.08 0.08 0.09 0.10 0.11 0.11 0.12 0.13 

17.41 24.57 0.01 0.01 0.01 0.01 0.02 0.02 0.03 0.03 0.03 0.04 0.04 0.05 0.06 0.06 0.07 0.08 0.08 0.09 0.10 0.11 0.12 0.13 0.14 

17.67 24.87 0.01 0.01 0.01 0.01 0.02 0.02 0.03 0.03 0.03 0.04 0.04 0.05 0.06 0.06 0.07 0.08 0.09 0.09 0.10 0.11 0.12 0.13 0.14 

17.95 25.18 0.01 0.01 0.01 0.01 0.02 0.02 0.03 0.03 0.03 0.04 0.05 0.05 0.06 0.06 0.07 0.08 0.09 0.10 0.10 0.11 0.12 0.13 0.14 

18.24 25.51 0.01 0.01 0.01 0.01 0.02 0.02 0.03 0.03 0.04 0.04 0.05 0.05 0.06 0.07 0.07 0.08 0.09 0.10 0.11 0.11 0.12 0.13 0.15 

18.55 25.85 0.01 0.01 0.01 0.01 0.02 0.02 0.03 0.03 0.04 0.04 0.05 0.05 0.06 0.07 0.07 0.08 0.09 0.10 0.11 0.12 0.13 0.14 0.15 

18.87 26.21 0.01 0.01 0.01 0.02 0.02 0.02 0.03 0.03 0.04 0.04 0.05 0.05 0.06 0.07 0.08 0.08 0.09 0.10 0.11 0.12 0.13 0.14 0.15 

19.20 26.58 0.01 0.01 0.01 0.02 0.02 0.02 0.03 0.03 0.04 0.04 0.05 0.05 0.06 0.07 0.08 0.09 0.09 0.10 0.11 0.12 0.13 0.14 0.16 

19.54 26.95 0.01 0.01 0.01 0.02 0.02 0.02 0.03 0.03 0.04 0.04 0.05 0.06 0.06 0.07 0.08 0.09 0.10 0.11 0.11 0.12 0.13 0.15 0.16 

19.88 27.34 0.01 0.01 0.01 0.02 0.02 0.02 0.03 0.03 0.04 0.04 0.05 0.06 0.06 0.07 0.08 0.09 0.10 0.11 0.12 0.13 0.14 0.15 0.16 

20.22 27.72 0.01 0.01 0.01 0.02 0.02 0.02 0.03 0.03 0.04 0.04 0.05 0.06 0.06 0.07 0.08 0.09 0.10 0.11 0.12 0.13 0.14 0.15 0.17 

20.56 28.10 0.01 0.01 0.01 0.02 0.02 0.02 0.03 0.03 0.04 0.04 0.05 0.06 0.07 0.07 0.08 0.09 0.10 0.11 0.12 0.13 0.14 0.16 0.17 
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For a given site the peak Ground motion (PGA) is calculated by considering site distance and 

magnitudes effect in the area of the site.  The above effect is assumed to happen on some average 

probability per year to assess the risk to a structure from earthquake shaking. Lesser ground motions are 

relatively expected, large ground motions are much unexpected. 

 

To calculate the probability of exceedance of a given earthquake it should be determined for every 

combination of discretized magnitude and distance of each source. The probability of a specific ground 

motion PGA exceeds a certain value x for a given magnitude m and distance r of the earthquake (Baker, 

2008). 

 

 

Where 𝛷 is cumulative distribution function x exceedance, 𝜇 mean, and 𝛿 standard deviation. 

 

(Martin & Perez, 2009) are used lognormal distribution to model engineering data.  (Huyse & 

Stamatakos, 2003) They use lognormal distribution for low-probability ground motions and explained 

in the PSHA 10-6 is the smallest annual exceedance probabilities. In this thesis lognormal distribution 

is applicable exceedance vary from 0.05g to 0.8 g with adding about 0.05. See Table 3.12 and Table 

3.13 for 0.05 and 0.8 exceedance respectively. 

 

 

 

  

 

𝑃(𝑃𝐺𝐴 > 𝑥 / 𝑚, 𝑟) = 1 − 𝛷(𝑥)                                                                                                          3.21                                                                                    

𝑃(𝑃𝐺𝐴 > 𝑥 / 𝑚, 𝑟) = 1 − 𝛷(
𝑙𝑛 𝑥−𝜇

𝛿
)                                                                                                  3.22                                                                                    
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Table 3.12 Probability of PGA exceeding 0.05g for a given earth

P(PGA>x / m,r)= P(PGA>0.05 / m,r) 

Distance 
Magnitude 

Rjb 18 

RX RRup 5.00 5.10 5.20 5.30 5.40 5.50 5.60 5.70 5.80 5.90 6.00 6.10 6.20 6.30 6.40 6.50 6.60 6.70 6.80 6.90 7.00 7.10 7.20 

15.27 22.19 0.01 0.02 0.04 0.06 0.09 0.13 0.18 0.22 0.28 0.33 0.38 0.43 0.48 0.53 0.58 0.62 0.66 0.69 0.72 0.75 0.77 0.80 0.82 

15.38 22.32 0.01 0.02 0.04 0.06 0.10 0.13 0.18 0.23 0.28 0.33 0.39 0.44 0.49 0.54 0.58 0.62 0.66 0.70 0.73 0.75 0.78 0.80 0.83 

15.51 22.46 0.01 0.02 0.04 0.07 0.10 0.14 0.18 0.23 0.28 0.34 0.39 0.44 0.49 0.54 0.59 0.63 0.67 0.70 0.73 0.76 0.78 0.81 0.83 

15.65 22.62 0.01 0.02 0.04 0.07 0.10 0.14 0.18 0.23 0.29 0.34 0.39 0.45 0.50 0.55 0.59 0.63 0.67 0.70 0.74 0.76 0.79 0.81 0.83 

15.79 22.78 0.01 0.02 0.04 0.07 0.10 0.14 0.19 0.24 0.29 0.34 0.40 0.45 0.50 0.55 0.60 0.64 0.68 0.71 0.74 0.77 0.79 0.82 0.84 

15.95 22.95 0.01 0.02 0.04 0.07 0.10 0.14 0.19 0.24 0.29 0.35 0.40 0.46 0.51 0.56 0.60 0.64 0.68 0.72 0.75 0.77 0.80 0.82 0.84 

16.12 23.14 0.01 0.02 0.04 0.07 0.10 0.15 0.19 0.24 0.30 0.35 0.41 0.46 0.52 0.56 0.61 0.65 0.69 0.72 0.75 0.78 0.80 0.83 0.85 

16.30 23.34 0.01 0.02 0.04 0.07 0.11 0.15 0.20 0.25 0.30 0.36 0.41 0.47 0.52 0.57 0.62 0.66 0.69 0.73 0.76 0.78 0.81 0.83 0.85 

16.50 23.56 0.01 0.02 0.04 0.07 0.11 0.15 0.20 0.25 0.31 0.36 0.42 0.48 0.53 0.58 0.62 0.66 0.70 0.73 0.76 0.79 0.81 0.84 0.86 

16.70 23.79 0.01 0.03 0.05 0.07 0.11 0.15 0.20 0.26 0.31 0.37 0.43 0.48 0.53 0.58 0.63 0.67 0.71 0.74 0.77 0.79 0.82 0.84 0.86 

16.92 24.04 0.01 0.03 0.05 0.07 0.11 0.16 0.21 0.26 0.32 0.37 0.43 0.49 0.54 0.59 0.64 0.68 0.71 0.75 0.78 0.80 0.82 0.85 0.87 

17.16 24.30 0.01 0.03 0.05 0.08 0.11 0.16 0.21 0.26 0.32 0.38 0.44 0.49 0.55 0.60 0.64 0.68 0.72 0.75 0.78 0.81 0.83 0.85 0.87 

17.41 24.57 0.01 0.03 0.05 0.08 0.12 0.16 0.21 0.27 0.33 0.39 0.44 0.50 0.55 0.60 0.65 0.69 0.73 0.76 0.79 0.81 0.83 0.86 0.88 

17.67 24.87 0.01 0.03 0.05 0.08 0.12 0.16 0.22 0.27 0.33 0.39 0.45 0.51 0.56 0.61 0.66 0.70 0.73 0.77 0.79 0.82 0.84 0.86 0.88 

17.95 25.18 0.01 0.03 0.05 0.08 0.12 0.17 0.22 0.28 0.34 0.40 0.46 0.51 0.57 0.62 0.66 0.70 0.74 0.77 0.80 0.83 0.85 0.87 0.89 

18.24 25.51 0.01 0.03 0.05 0.08 0.12 0.17 0.22 0.28 0.34 0.40 0.46 0.52 0.58 0.63 0.67 0.71 0.75 0.78 0.81 0.83 0.85 0.87 0.89 

18.55 25.85 0.01 0.03 0.05 0.08 0.12 0.17 0.23 0.29 0.35 0.41 0.47 0.53 0.58 0.63 0.68 0.72 0.75 0.79 0.81 0.84 0.86 0.88 0.90 

18.87 26.21 0.01 0.03 0.05 0.08 0.12 0.17 0.23 0.29 0.35 0.41 0.48 0.53 0.59 0.64 0.68 0.73 0.76 0.79 0.82 0.84 0.86 0.88 0.90 

19.20 26.58 0.01 0.03 0.05 0.08 0.13 0.18 0.23 0.29 0.36 0.42 0.48 0.54 0.60 0.65 0.69 0.73 0.77 0.80 0.83 0.85 0.87 0.89 0.90 

19.54 26.95 0.01 0.03 0.05 0.08 0.13 0.18 0.24 0.30 0.36 0.43 0.49 0.55 0.60 0.65 0.70 0.74 0.77 0.80 0.83 0.85 0.87 0.89 0.91 

19.88 27.34 0.01 0.03 0.05 0.09 0.13 0.18 0.24 0.30 0.37 0.43 0.49 0.55 0.61 0.66 0.70 0.75 0.78 0.81 0.84 0.86 0.88 0.90 0.91 

20.22 27.72 0.01 0.03 0.05 0.09 0.13 0.18 0.24 0.30 0.37 0.44 0.50 0.56 0.61 0.67 0.71 0.75 0.79 0.82 0.84 0.86 0.88 0.90 0.92 

20.56 28.10 0.01 0.03 0.05 0.09 0.13 0.18 0.24 0.31 0.37 0.44 0.50 0.56 0.62 0.67 0.72 0.76 0.79 0.82 0.85 0.87 0.89 0.91 0.92 
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Table 3.13 Probability of PGA exceeding 0.8g for a given earthquake 

Distance 
Magnitude 

Rjb 18 

RX Rrup 5.00 5.10 5.20 5.30 5.40 5.50 5.60 5.70 5.80 5.90 6.00 6.10 6.20 6.30 6.40 6.50 6.60 6.70 6.80 6.90 7.00 7.10 7.20 

15.27 22.19 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 

15.38 22.32 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 

15.51 22.46 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 

15.65 22.62 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 

15.79 22.78 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 

15.95 22.95 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 

16.12 23.14 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 

16.30 23.34 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.02 

16.50 23.56 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.02 

16.70 23.79 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.02 

16.92 24.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.02 

17.16 24.30 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.02 0.02 

17.41 24.57 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.02 0.02 

17.67 24.87 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.02 0.02 

17.95 25.18 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.02 0.02 

18.24 25.51 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.02 0.02 0.02 

18.55 25.85 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.02 0.02 0.03 

18.87 26.21 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.02 0.02 0.03 

19.20 26.58 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.02 0.02 0.03 

19.54 26.95 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.02 0.02 0.03 0.03 

19.88 27.34 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.02 0.02 0.03 0.03 

20.22 27.72 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.02 0.02 0.03 0.03 

20.56 28.10 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.02 0.02 0.03 0.04 
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3.8 Hazard Curve 

 

A fundamental outcome of PSHA is the relationship between the probability of exceedance within a 

given time interval and a measure of seismic intensity, which is known as a seismic hazard curve. 

Intensity Measures (IMs) characterize ground motions. The ground motion record aims to measure the 

“intensity” of the ground motion. IMs include parameters such as PGA and spectral acceleration      Spa 

(f1). 

 

Hazard curves from each source are computed separately resulting in independent values of M, and R 

obtained for each dominant source. The combining effects of all magnitudes and distance distributions 

and probability expression of ground motion for a given source are combined to produce a report of the 

probability that given the occurrence of a seismic event with a magnitude of interest anywhere on the 

source, the site PGA will exceed an acceleration of interest (Hall & Green , 1994). A hazard curve 

combines all of the above information into one plot. This is computed in probability computations as: 

 

 

The hazard curves give the merged effects of all magnitudes and distances on the probability of 

exceeding the specified ground motion level. In the analysis, there is more than one source to measure 

the rate of PGA >x considering all sources and 𝑀𝑗/𝑅𝑘  denote the magnitude /distribution for the nth 

source. This analysis is contributed by the summation form of discretized distribution 𝑀𝑗/𝑅𝑘  will be 

discretized into ∆M and ∆R increments respectively 

Where  

𝑓𝑀(𝑚) - PDF for earthquake magnitude 

𝑓𝑅(𝑟)- PDF for distance 

P (PGA> x| mj, rk) - from GMPE model 

∆M- is an interval range for discretized earthquake magnitude 

∆R- is an interval range for discretized distan

𝑃(𝑃𝐺𝐴 > 𝑥) = ∬ 𝑃(𝑃𝐺𝐴 > 𝑥 𝑚⁄ , 𝑟)𝑓𝑀 (𝑚)𝑓𝑅(𝑟)𝑑𝑚𝑑𝑟                                                          3.23                                                                                   

𝑃(𝑃𝐺𝐴 > 𝑥) = ∑ ∑ 𝑃(𝑃𝐺𝐴 > 𝑥 | 𝑚𝑗,𝑟𝑘)𝑃(𝑀 = 𝑚𝑗
𝑛𝑅
𝐾=1

𝑛𝑀
𝑗=1 )𝑃(𝑅 = 𝑟𝑘)                              3.24                                                                                  
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Table 3.14: Probability of PGA greater than 0.05 

PGA>x = PGA>0.05 

Distance 
Magnitude 

Rjb 18 

RX RRup 5.00 5.10 5.20 5.30 5.40 5.50 5.60 5.70 5.80 5.90 6.00 6.10 6.20 6.30 6.40 6.50 6.60 6.70 6.80 6.90 7.00 7.10 7.20 

15.27 22.19 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

15.38 22.32 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

15.51 22.46 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

15.65 22.62 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

15.79 22.78 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

15.95 22.95 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

16.12 23.14 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

16.30 23.34 0.00 0.00 0.00 0.00 0.00 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

16.50 23.56 0.00 0.00 0.00 0.00 0.00 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

16.70 23.79 0.00 0.00 0.00 0.00 0.00 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

16.92 24.04 0.00 0.00 0.00 0.00 0.00 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

17.16 24.30 0.00 0.00 0.00 0.00 0.00 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

17.41 24.57 0.00 0.00 0.00 0.00 0.00 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

17.67 24.87 0.00 0.00 0.00 0.00 0.00 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

17.95 25.18 0.00 0.00 0.00 0.00 0.00 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

18.24 25.51 0.00 0.00 0.00 0.00 0.00 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

18.55 25.85 0.00 0.00 0.00 0.00 0.00 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

18.87 26.21 0.00 0.00 0.00 0.00 0.00 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

19.20 26.58 0.00 0.00 0.00 0.00 0.00 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

19.54 26.95 0.00 0.00 0.00 0.00 0.00 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

19.88 27.34 0.00 0.00 0.00 0.00 0.00 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

20.22 27.72 0.00 0.00 0.00 0.00 0.00 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

20.56 28.10 0.00 0.00 0.00 0.00 0.00 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

  
1.04 

                      



   

68 
 

Table 3.15: Probability of PGA greater than 0.8 

PGA>x = PGA>0.8  

Distance 
Magnitude 

Rjb 18.0 

RX RRup 5.0 5.1 5.2 5.3 5.4 5.5 5.6 5.7 5.8 5.9 6.0 6.1 6.2 6.3 6.4 6.5 6.6 6.7 6.8 6.9 7.0 7.1 7.2 

15.3 22.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

15.4 22.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

15.5 22.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

15.6 22.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

15.8 22.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

16.0 23.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

16.1 23.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

16.3 23.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

16.5 23.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

16.7 23.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

16.9 24.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

17.2 24.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

17.4 24.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

17.7 24.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

17.9 25.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

18.2 25.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

18.5 25.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

18.9 26.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

19.2 26.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

19.5 27.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

19.9 27.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

20.2 27.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

20.6 28.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Sum 0.0006 
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The above-mentioned probability expression gives the probability of exceedance of a given 

earthquake and does not take into consideration the probability occurrence of the earthquake. By the 

product of the annual occurrence rate of the earthquake and the probability of exceedance of the 

ground motion. To compute the probability of occurrence of an earthquake, rate of PGA>x by 

Equation 3.25. 

Where λ (M > 𝑚𝑚𝑖𝑛 ) is the rate of occurrence of earthquakes greater than 𝑚𝑚𝑖𝑛 from the source, and 

λ (PGA> x) is the rate of PGA > x. 

 

For ground shaking more than one source of the site, the annual rate exceedance will be computed by 

the sum of the rates of PGA > x from each source, Equation 3.25 is modified as shown in Equation 3.26  

Table 3.16 Annual rate of exceedance 

X P(PGA>X) λ(Mj > mmin)  λ(PGA > x)  

0.05 1.0407 0.0127 0.0132 

0.1 0.2658 0.0127 0.0034 

0.15 0.0993 0.0127 0.0013 

0.2 0.0460 0.0127 0.0006 

0.25 0.0245 0.0127 0.0003 

0.3 0.0144 0.0127 0.0002 

0.35 0.0091 0.0127 0.0001 

0.4 0.0060 0.0127 0.0001 

0.45 0.0042 0.0127 0.0001 

0.5 0.0030 0.0127 0.0000 

0.55 0.0022 0.0127 0.0000 

0.6 0.0016 0.0127 0.0000 

0.65 0.0013 0.0127 0.0000 

0.7 0.0010 0.0127 0.0000 

0.75 0.0008 0.0127 0.0000 

0.8 0.0006 0.0127 0.0000 

𝜆(𝑃𝐺𝐴 > 𝑥) = 𝜆(𝑀𝑗 > 𝑚𝑚𝑖𝑛) ∑ ∑ 𝑃(𝑃𝐺𝐴 > 𝑥|𝑚𝑗,𝑟𝑘)𝑃(𝑀 = 𝑚𝑗
𝑛𝑅
𝐾=1

𝑛𝑀
𝑗=1 )𝑃(𝑅 = 𝑟𝑘)       3.25   

𝜆(𝑃𝐺𝐴 > 𝑥) = ∑ 𝜆
𝑛𝑠𝑜𝑢𝑟𝑐𝑒
𝑖=1 (𝑀𝑗 > 𝑚𝑚𝑖𝑛) ∑ ∑ 𝑃(𝑃𝐺𝐴 > 𝑥| 𝑚𝑗,𝑟𝑘)𝑃(𝑀 = 𝑚𝑗

𝑛𝑅
𝐾=1

𝑛𝑀
𝑗=1 )𝑃(𝑅 = 𝑟𝑘)       3.26   
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The hazard curve is a plot of the annual frequency of exceedance versus peak ground acceleration. 

The hazard curve for peak ground acceleration is shown in Figure 3.6. 

 

 

Figure 3.6:  Hazard Curve for the specific site 

 

3.9 Disaggregation of the Seismic Hazard 

 

For each seismic source, PSHA accounts for all magnitudes and their relative probability of occurring 

within the defined range of Mmin to Mmax. Besides, for each source and M combination, all possible 

site-source distances are considered, along with their relative probabilities. Finally, for each magnitude 

and distance combination, make the most significant contributions to the seismic hazard to determine 

the maximum considered earthquake (PGA) is necessary to “deaggregate”. 

 

The resulting rate of exceedance values evaluated by integrating all contributions from several sources 

for each related magnitude and source-to-site distance is called the disaggregation of PSHA (also called 

deaggregation of PSHA). The disaggregation provides the contribution of earthquake events in terms of 

their Magnitude and distance. The disaggregation is the combined PDF of m and r conditioned upon 

exceedance of a specified significant intensity measure FHWA (2014). 
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The response spectra for 5% damping ratio obtained according to the NEHRP Guidelines for Seismic 

Rehabilitation of Buildings (FEMA-273) with the ground motions from National Seismic Hazard 

Mapping Project by the U.S. Geological Survey (USGS) for 50%, 10%, 5%, and 2% probability of 

exceedance in 50 years. 

 

Song (2018) cited ACI 318-08 and ASCE 7-05 recommended the Maximum Considered Earthquake 

(MCE) for no collapse requirement and Design Basis Earthquake (DBE) for damage limitation 

requirement. 10% and 2% probability of exceedance in 50 years are the reference seismic actions that 

are used to describe design seismic action for damage limitation and no collapse requirement 

respectively.10%, and 2% probability of exceedance in 50 years or corresponding return periods of 475, 

and 2,475 years respectively. 

 

Disaggregation identifies the source, distance, and ground motion percentiles that contribute most 

strongly to the computed hazard. Dividing the total hazard into contributions based on distance and 

magnitude for the rate of an earthquake by the rate of all earthquakes Bazzurro and Cornell, (1999), 

McGuire, (1995). 

 

The parameters involved in the distribution of magnitudes and distance are discretized so that it will be 

described in terms of percentage contribution to PGA>x as (Baker, 2008) 

       𝜆(𝑃𝐺𝐴 > 𝑥, 𝑀 = 𝑚, 𝑅 = 𝑟) = 𝑃(𝑀𝑖 = 𝑚)𝑃(𝑅𝑖 = 𝑟) ∑ 𝜆(𝑀𝑖 > 𝑚𝑚𝑖𝑛
𝑛𝑠
𝑘=1 )𝑃(𝑃𝐺𝐴 > 𝑥/ 𝑚𝑗, 𝑟𝑘)    3.28  

There are two types of deaggregations are usually implemented. The first one is the magnitude, distance, 

and epsilon (Harmsen et.al 1999). The second is azimuth, distance, and magnitude (Bazurro and Cornell, 

1999; Harmsen and Frankel, 2001) this deaggregation process is called as 3D hazard deaggregation.  

 

In this thesis, 2D hazard deaggregation applicable by using the M-R distribution and excluding the 

number of standard deviation from the median. In this method, the magnitude range is discretized within 

an equal space of 0.1. 

                        𝑃(𝑀 = 𝑚, 𝑅 = 𝑟 𝑃𝐺𝐴⁄ > 𝑥
𝜆(𝑃𝐺𝐴>𝑥,𝑀=𝑚,𝑅=𝑟)

𝜆(𝑃𝐺𝐴>𝑥)
                                                           3.27   
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Table 3.17 Disaggregation 

Rjb 5 5.1 5.2 5.3 5.4 5.5 5.6 5.7 5.8 5.9 6 6.1 6.2 6.3 6.4 6.5 6.6 6.7 6.8 6.9 7 7.1 7.2

18 0.166 0.139 0.116 0.097 0.082 0.068 0.057 0.048 0.040 0.034 0.028 0.024 0.020 0.017 0.014 0.012 0.010 0.008 0.007 0.006 0.005 0.004 0.001

RX Rrup

15.265 22.19
0.0435

2.4E-06 5.5E-06 1.1E-05 1.8E-05 2.8E-05 4.0E-05 5.3E-05 6.6E-05 7.8E-05 8.9E-05 9.8E-05 1.0E-04 1.1E-04 1.1E-04 1.1E-04 1.1E-04 1.0E-04 9.6E-05 9.0E-05 8.3E-05 7.5E-05 6.9E-05 1.9E-05

15.3834 22.32
0.0435

2.4E-06 5.6E-06 1.1E-05 1.9E-05 2.9E-05 4.1E-05 5.4E-05 6.7E-05 8.0E-05 9.1E-05 1.0E-04 1.1E-04 1.1E-04 1.1E-04 1.1E-04 1.1E-04 1.0E-04 9.8E-05 9.1E-05 8.4E-05 7.7E-05 7.0E-05 1.9E-05

15.5107 22.46
0.0435

2.5E-06 5.7E-06 1.1E-05 1.9E-05 2.9E-05 4.1E-05 5.5E-05 6.8E-05 8.1E-05 9.3E-05 1.0E-04 1.1E-04 1.1E-04 1.1E-04 1.1E-04 1.1E-04 1.1E-04 1.0E-04 9.3E-05 8.5E-05 7.8E-05 7.1E-05 1.9E-05

15.6476 22.62
0.0435

2.6E-06 5.8E-06 1.1E-05 1.9E-05 3.0E-05 4.2E-05 5.6E-05 7.0E-05 8.3E-05 9.5E-05 1.0E-04 1.1E-04 1.2E-04 1.2E-04 1.2E-04 1.1E-04 1.1E-04 1.0E-04 9.4E-05 8.7E-05 7.9E-05 7.2E-05 1.9E-05

15.7946 22.78
0.0435

2.6E-06 6.0E-06 1.2E-05 2.0E-05 3.1E-05 4.3E-05 5.7E-05 7.2E-05 8.5E-05 9.7E-05 1.1E-04 1.1E-04 1.2E-04 1.2E-04 1.2E-04 1.1E-04 1.1E-04 1.0E-04 9.6E-05 8.8E-05 8.0E-05 7.3E-05 2.0E-05

15.9524 22.95
0.0435

2.7E-06 6.1E-06 1.2E-05 2.0E-05 3.1E-05 4.5E-05 5.9E-05 7.3E-05 8.7E-05 9.9E-05 1.1E-04 1.2E-04 1.2E-04 1.2E-04 1.2E-04 1.2E-04 1.1E-04 1.1E-04 9.8E-05 9.0E-05 8.2E-05 7.4E-05 2.0E-05

16.1215 23.14
0.0435

2.7E-06 6.3E-06 1.2E-05 2.1E-05 3.2E-05 4.6E-05 6.0E-05 7.5E-05 8.9E-05 1.0E-04 1.1E-04 1.2E-04 1.2E-04 1.2E-04 1.2E-04 1.2E-04 1.1E-04 1.1E-04 1.0E-04 9.1E-05 8.3E-05 7.6E-05 2.0E-05

16.3025 23.34
0.0435

2.8E-06 6.4E-06 1.3E-05 2.1E-05 3.3E-05 4.7E-05 6.2E-05 7.7E-05 9.2E-05 1.0E-04 1.1E-04 1.2E-04 1.3E-04 1.3E-04 1.3E-04 1.2E-04 1.2E-04 1.1E-04 1.0E-04 9.3E-05 8.5E-05 7.7E-05 2.1E-05

16.4962 23.56
0.0435

2.8E-06 6.6E-06 1.3E-05 2.2E-05 3.4E-05 4.8E-05 6.4E-05 7.9E-05 9.4E-05 1.1E-04 1.2E-04 1.3E-04 1.3E-04 1.3E-04 1.3E-04 1.2E-04 1.2E-04 1.1E-04 1.0E-04 9.5E-05 8.6E-05 7.8E-05 2.1E-05

16.703 23.79
0.0435

2.9E-06 6.7E-06 1.3E-05 2.3E-05 3.5E-05 5.0E-05 6.5E-05 8.2E-05 9.7E-05 1.1E-04 1.2E-04 1.3E-04 1.3E-04 1.3E-04 1.3E-04 1.3E-04 1.2E-04 1.1E-04 1.1E-04 9.7E-05 8.8E-05 8.0E-05 2.1E-05

16.9234 24.04
0.0435

3.0E-06 6.9E-06 1.3E-05 2.3E-05 3.6E-05 5.1E-05 6.7E-05 8.4E-05 1.0E-04 1.1E-04 1.2E-04 1.3E-04 1.4E-04 1.4E-04 1.4E-04 1.3E-04 1.2E-04 1.2E-04 1.1E-04 9.9E-05 9.0E-05 8.1E-05 2.2E-05

17.158 24.30
0.0435

3.0E-06 7.0E-06 1.4E-05 2.4E-05 3.7E-05 5.2E-05 6.9E-05 8.6E-05 1.0E-04 1.2E-04 1.3E-04 1.4E-04 1.4E-04 1.4E-04 1.4E-04 1.3E-04 1.3E-04 1.2E-04 1.1E-04 1.0E-04 9.1E-05 8.3E-05 2.2E-05

17.407 24.57
0.0435

3.1E-06 7.2E-06 1.4E-05 2.4E-05 3.8E-05 5.4E-05 7.1E-05 8.9E-05 1.1E-04 1.2E-04 1.3E-04 1.4E-04 1.4E-04 1.4E-04 1.4E-04 1.4E-04 1.3E-04 1.2E-04 1.1E-04 1.0E-04 9.3E-05 8.4E-05 2.3E-05

17.6708 24.87
0.0435

3.1E-06 7.3E-06 1.4E-05 2.5E-05 3.9E-05 5.5E-05 7.3E-05 9.1E-05 1.1E-04 1.2E-04 1.3E-04 1.4E-04 1.5E-04 1.5E-04 1.5E-04 1.4E-04 1.3E-04 1.2E-04 1.2E-04 1.1E-04 9.5E-05 8.6E-05 2.3E-05

17.9492 25.18
0.0435

3.2E-06 7.5E-06 1.5E-05 2.6E-05 4.0E-05 5.7E-05 7.5E-05 9.4E-05 1.1E-04 1.3E-04 1.4E-04 1.5E-04 1.5E-04 1.5E-04 1.5E-04 1.4E-04 1.4E-04 1.3E-04 1.2E-04 1.1E-04 9.7E-05 8.8E-05 2.4E-05

18.2422 25.51
0.0435

3.2E-06 7.6E-06 1.5E-05 2.6E-05 4.1E-05 5.8E-05 7.7E-05 9.6E-05 1.1E-04 1.3E-04 1.4E-04 1.5E-04 1.6E-04 1.6E-04 1.5E-04 1.5E-04 1.4E-04 1.3E-04 1.2E-04 1.1E-04 9.9E-05 9.0E-05 2.4E-05

18.549 25.85
0.0435

3.3E-06 7.7E-06 1.5E-05 2.7E-05 4.2E-05 5.9E-05 7.9E-05 9.9E-05 1.2E-04 1.3E-04 1.5E-04 1.5E-04 1.6E-04 1.6E-04 1.6E-04 1.5E-04 1.4E-04 1.3E-04 1.2E-04 1.1E-04 1.0E-04 9.1E-05 2.4E-05

18.8686 26.21
0.0435

3.3E-06 7.8E-06 1.6E-05 2.7E-05 4.3E-05 6.1E-05 8.1E-05 1.0E-04 1.2E-04 1.4E-04 1.5E-04 1.6E-04 1.6E-04 1.6E-04 1.6E-04 1.5E-04 1.5E-04 1.4E-04 1.3E-04 1.1E-04 1.0E-04 9.3E-05 2.5E-05

19.1993 26.58
0.0435

3.3E-06 7.9E-06 1.6E-05 2.8E-05 4.3E-05 6.2E-05 8.3E-05 1.0E-04 1.2E-04 1.4E-04 1.5E-04 1.6E-04 1.7E-04 1.7E-04 1.6E-04 1.6E-04 1.5E-04 1.4E-04 1.3E-04 1.2E-04 1.1E-04 9.5E-05 2.5E-05

19.5384 26.95
0.0435

3.3E-06 8.0E-06 1.6E-05 2.8E-05 4.4E-05 6.3E-05 8.5E-05 1.1E-04 1.3E-04 1.4E-04 1.6E-04 1.7E-04 1.7E-04 1.7E-04 1.7E-04 1.6E-04 1.5E-04 1.4E-04 1.3E-04 1.2E-04 1.1E-04 9.7E-05 2.6E-05

19.8822 27.34
0.0435

3.3E-06 8.0E-06 1.6E-05 2.8E-05 4.5E-05 6.5E-05 8.6E-05 1.1E-04 1.3E-04 1.5E-04 1.6E-04 1.7E-04 1.8E-04 1.8E-04 1.7E-04 1.7E-04 1.6E-04 1.5E-04 1.3E-04 1.2E-04 1.1E-04 9.8E-05 2.6E-05

20.225 27.72
0.0435

3.3E-06 8.0E-06 1.6E-05 2.9E-05 4.5E-05 6.6E-05 8.8E-05 1.1E-04 1.3E-04 1.5E-04 1.6E-04 1.7E-04 1.8E-04 1.8E-04 1.8E-04 1.7E-04 1.6E-04 1.5E-04 1.4E-04 1.2E-04 1.1E-04 1.0E-04 2.7E-05

20.5586 28.10
0.0435

3.3E-06 8.0E-06 1.6E-05 2.9E-05 4.6E-05 6.6E-05 8.9E-05 1.1E-04 1.3E-04 1.5E-04 1.7E-04 1.8E-04 1.8E-04 1.8E-04 1.8E-04 1.7E-04 1.6E-04 1.5E-04 1.4E-04 1.3E-04 1.1E-04 1.0E-04 2.7E-05

Distance Magnitude

R
=rk

P(M=mj, R=rk|x>0.13) = [λ(Mj>mmin)P(x>0.13|mj,rk)P(M=mj)P(R=rk)]/λ(x>0.13)
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3.10 Ground Motion Selection 

 

Ground motions are selected and scaled to enable response-history analysis that supports either design 

or performance assessment.  Seismic design analysis requires time history analysis to apply seismic load 

on structural and geotechnical analysis and design. To define seismic load as input to dynamic analysis 

the selection of ground motion is the main stage in defining the seismic load input of structural analysis. 

There are no accelerogram records for Ethiopian earthquakes, other records should be adapted so that 

ground motion selection is required. Ground motion selection utilizes deaggregation results of 

magnitude and distance to identify causal events for a given target spectra value associated with an 

annual rate of exceedance (Lin and Baker, 2011). 

 

The parameters that affect to select Ground motion records and have influence ground motion spectral 

shape (Graizer and Kalkan 2009): 

-Earthquake Magnitude 

- Source to site distance 

- Site-condition (shear wave velocity in the upper 30-meters -Vs30) 

- Rupture mechanism 

 

Ground motion scaling and spectral matching are generally used to adjust the earthquake records to 

match a specific target response spectrum. These could be actual time history or artificial time history. 

To generate artificial earthquake ground motions whose characteristics are consistent with both the 

physical condition of interest and the characteristics of the actual recorded ground motions. There are 

typical practices in structural engineers to select seven ground motions (Haselton et al., 2012). 

 

The Pacific Earthquake Engineering Research (PEER) Center, NGA strong motion database was used 

for this study due to the absence of recorded accelerogram data for Ethiopia. In this study earthquakes 

from subduction zones are rejected because Ethiopia is located in the shallow crustal Zone. Magnitude 

and distance of the design earthquake along with shear velocity of the top 30m and fault mechanism of 

the specified area are the input factor for the selection of acceleration time history from PEER ground 

motion database. In this thesis, the selection was carried out with magnitudes between 5.5 to 5.7 and 

rupture distance (Rrup) range from 15 to 30 km as obtained from disaggregation calculation. 
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The selection and scaling of earthquake ground motions play a big role to apply seismic load on the 

model during structural analysis. Acceleration time histories have been selected from previously 

recorded database. Even though it is necessary to have seven motions for nonlinear analysis, PEER 

ground motion database gives four recorded ground motion for the given input factor.  

 

Four ground motion are selected, the fault mechanism of the three ground motions is normal while one 

ground motion has been obtained for Normal oblique faulting mechanism. The PGA calculation has 

been done using normal slip, the dominant fault mechanism is normal fault. Therefore, the ground 

motion with the normal faulting mechanism is selected. Description of this selected ground motion is 

provided in Table 3.18. 

 

Table 3.18 selected ground motion from PEER 

 

 

The selected ground motion is applied at the base of the model. PGA selected from the recorded 

earthquake is 0.163g. This PGA is used to scale the calculated PGA from PSHA value 0.13g. The scaling 

factor of the PGA is becomes 

0.13

0.163
= 0.797 

 

The most commonly employed ground motion scaling method involves multiplying all of the 

acceleration values of the time-acceleration pairs by a scalar value.  This time domain scaling modifies 

the amplitude of the accelerations without affecting the frequency content or phasing. 

𝑍 = 0.8 ∗ 0.797 ∗ 9.81 𝑚
𝑠2

𝑔⁄⁄ = 6.25 
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The actual and the scaled time acceleration history are shown in the Figure 3.7 and Figure 3.8 

respectively.  

 

 

Figure 3.7:  Time acceleration history of selected ground motion (PEER Database 2019) 

 

Figure 3.8:  Scaled or artificial time acceleration history 
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CHAPTER 4 NUMERICAL MODELING 

 

4.1 Introduction 

 

In this thesis, the Finite Element Method (FEM) software ABAQUS is used to model three dimensional 

soil-pile system to investigate the behavior of pile under seismic excitation. Finite Element Method is 

used to select the proper techniques on pile-soil system under dynamic loading condition. To develop 

load-displacement curve of pile-soil system the important components of numerical model are, pile and 

soil element, mesh size, constitutive models to represent material behavior of soil and pile, soil-pile 

interface behavior, damping, boundary conditions, and loading steps. 

 

4.2 Soil Geometry and Properties 

 

In this study, four layered silt clay soil with Mohor-Coloumb constitutive model is used. The soil 

parameters, as obtained from the geotechnical investigation of the site, are given in Table 4.1. The soil 

is assumed to be in dry state to avoid liquefaction problem. As shown in  Figure 4.1 the selected soil is  

equal to 20 times diameter of pile (20D)  and 30 m tall (Sun & Mintaek, 2019). 

 

Table 4.1 Soil properties on different layers 

 Thickness Unit Weight Young’s 

modulus 

Poisson’s 

ratio 

Friction 

Angle 

Cohesion 

Symbol  ɣ E Ѵ Φ c 

Unit m kN / m3 MPa 0.3 Degree kPa 

Layer 1 4.5 17 8 0.3 18 12 

Layer 2 6 19 15 0.3 22 15 

Layer 3 4.5 20 35 0.3 24 20 

Layer 4 15 21 40 0.3 26 25 

 



   

77 
 

4.3 Pile Geometry and Properties 

 

In ABAQUS there are two ways of pile modeling: beam and volume pile. Volume pile type is used for 

this study. 0.6 m and 0.8 m diameters of pile with length of 15 m have been considered. Pile parameters 

are tabulated in Table 4.2. 

 

Table 4.2: Properties of pile 

No Parameters Unit Value 

1 Unit Weight kN /m3 25 

2 Young’s modulus GPa 30 

3 Poisson’s ratio NA 0.15 

4 Pile diameter m 0.6 and 0.8 

5 Pile length m 15 

6 Pile head NA Free 

 

Figure 4.1:  Soil and pile is modeled as a solid cylinder  
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4.4 Selection of Element Types 

 

To assess the accuracy of element types, the following verification study is conducted. A cantilever 

beam fixed at the base with a point load acting at its free tip, is taken as the analysis subject (Figure 

4.2). To verify the study, static deflection using ABAQUS model and analytical exact solution has been 

compared. This verification study is also reported in (ABAQUS Documentation, 2010) 

 

Figure 4.2:  Cantilever beam under a point load P at its free end (ABAQUS Documentation, 2010) 

 

𝑦= Deflection at the point considered  

𝐸= Young’s modulus of the beam 

𝐼= Second moment of area of the beam 

𝐿= length of the beam  

𝑃= Applied load at the free end 

 

Elastic parameters are selected as, elasticity modulus E = 30 GPa, Poisson’s ratio ν = 0.15. Dimensions 

of the beam are selected as 150 mm long, 2.5 mm wide, and 5 mm deep. Magnitude of the point load at 

free end is selected as 5 N. Hence, exact solution for vertical deflection of the free tip is found as 7.2 

mm from Equation 4.1. 

 

The element types C3D8R and C3D8I are linear bricks with 8 nodes, with the first type using reduced 

integration and the second type utilizes something called incompatible modes, which improves the 

bending behavior by introducing internal deformation modes to the elements (ABAQUS 

Documentation, 2010) . This prevents shear locking and correctly estimates the stiffness of the elements, 

leading to a more accurate stress prediction compared to regular linear element types, such as C3D8R 

                                        𝑦 =
𝑃𝐿3

3𝐸𝐼
                                                                                                            4.1 
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and C3D8. Fully integrated elements will always give a better result than reduced integrated, but at a 

higher computational cost. 

 

In Table 4.3 it can be observed that the deflection results when using C3D8I, C3D20, and C3D20R 

elements have given accurate results as compared to the exact solution, and for the C3D8R-elements 

the deflection is somewhat larger. All elements except C3D8R yield results with less than 1% error. 

Closest result to the exact solution is obtained from analyses utilizing C3D20R elements with error less 

than 0.1%. 

 

Table 4.3: Element selection with two different mesh size 

Mesh Type C3D8R C3D8I C3D20 C3D20R 

6x2x1 94.74 0.976 0.954 0.57 

12x2x1 95.06 0.69 0.628 0.44 

 

For all mesh types, the order of elements yielding closest result to the exact solution does not change. 

This order, from most accurate to least accurate, is C3D20R - C3D20 - C3D8I -C3D8R. The order of 

element types from most expensive to the cheapest, from computational cost point of view, is reported 

by (ABAQUS Documentation, 2010) as C3D20 - C3D20R - C3D8I- C3D8R. Note that although 

C3D20R is computationally cheaper than C3D20, it provides better accuracy. 

 

The pile was modeled C3D8I solid element, meaning linear brick elements with 8 nodes with 

incompatible modes.  

 

The soil was modeled into two regions, near field region and a far-field region. In Table 4.3 it can be 

observed that the result when using C3D8I, C3D20, and C3D20R are good results and the errors are 

less than 1%. The linear C3D8I elements will be used instead of C3D20R elements to improve the 

computational time.   
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Figure 4.3:  Assembly of soil and pile element type (section view) 

4.5 Material Models 

 

The proper selection of constitutive models for material behavior is important in numerical modeling. 

The pile is modeled using linear elastic model (Bentley & Naggar, 2000). A simple elastic-perfectly 

plastic model can simulate the behavior of soil with a sufficient accuracy though there are different ways 

to incorporate the plastic behavior of soil (Bentley & Naggar, 2000). The Mohr-Coulomb model 

suggests that the yielding begins when the shear stress  𝜏 and normal stress  𝜎𝑛 satisfy Equation 4.2 was 

used in this study. 

In Equation 4.2, 𝑐  is the cohesion and ∅ is the friction angle of the soil. The yield criterion of the Mohr-

Coulomb model is defined by Equation 4.3 as: 

 

Where 𝜎1 and 𝜎3 are maximum and minimum principal stresses.  

In section 2.6.7, this material model is discussed in detail.   

                                        𝜏 = 𝑐 + 𝜎𝑛 𝑡𝑎𝑛 ∅                                                                                        4.2 

                            𝑓 = (𝜎1 − 𝜎3) − (𝜎1 + 𝜎3) 𝑠𝑖𝑛 ∅ − 2𝑐 𝑐𝑜𝑠 ∅ = 0                                                  4.3  
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4.6 Soil-Pile Interface 

 

In finite element analysis, relative movement of a pile element with respect to the adjacent soil element 

at the soil-pile interface is prohibited. There are two mechanical contacts on ABAQUS between two 

surfaces (bodies): the node based interaction and surface based interaction. In node based interaction, 

mechanical contact between two nodes is modeled using contact elements, whereas in surface based 

interaction surfaces directly interact with each other. Surface based interaction has the advantage over 

node based interaction because of its capability to model both normal and tangential interaction behavior 

whereas node based interaction facilitates only the normal interaction behavior.   

 

There are two contact areas for the soil and the pile. They are the circumferential boundary of the pile 

in contact with the surrounding soil and the bottom boundary of the pile in contact with the soil below 

the pile. 

 

The circumferential boundary is modeled by defining the surface to surface contact between the pile 

and the surrounding soil. The two surfaces are to be defined based on their rigidities. The more 

deformable surface is defined as a slave surface while the one with the greater rigidity is defined as the 

master surface. Master and slave surfaces for this study are surfaces of the pile and the soil respectively. 

Pile-soil interaction is defined by tangential and normal contact behavior.  

 

For the normal behavior, it was decided to use a “hard” contact together with the penalty constraint 

enforcement method. This approach allows any pressure to be transmitted between surfaces if they are 

in contact (Figure 4.4). If the contact surface is separate the contact pressure reduces to zero. Separated 

surfaces come into contact when the clearance between them reduces to zero. 
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Figure 4.4:  Hard contact behavior (ABAQUS Documentation, 2010) 

 

Regarding the tangential behavior, the shear behavior between two surfaces is defined by the Coulomb 

frictional law (Figure 4.5). The Coulomb friction model states that two contacting surfaces can carry 

shear stresses up to a certain magnitude across their interface before they start sliding relative to one 

another. The Coulomb friction model defines this critical shear stress,𝜏𝑐𝑟𝑖𝑡 , at which sliding of the 

surfaces starts as a fraction of the contact pressure, 𝑃 , between the surface, as given in Equation 4.4. 

 

Where 𝜏𝑐𝑟𝑖𝑡the critical shear stress at contact surface is, µ is the coefficient of friction and, 𝑝 is the 

contact pressure between two surfaces. ABAQUS requires a coefficient of friction between the surfaces 

in contact but this is unknown. The directionality of the friction was assumed to be isotropic and a value 

of µ = 0.5 was used. All other settings for the tangential behavior were set to default. 

 

 

 

                                       𝜏𝑐𝑟𝑖𝑡= µ 𝑝                                                                                                      4.4 
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Figure 4.5:  Slip regions for the basic Coulomb friction model (ABAQUS Documentation, 2010) 

 

The bottom boundary contact is between the bottom part of the pile and underlying soil. This contact is 

modeled by tie constraints. Tie constraint is used to make the translational and rotational motion equal 

for a pair of surfaces. In this contact bottom part of the pile is the master surface and the soil is the slave 

surface. 

 

4.7 Numerical Accuracy and Stability 

 

As discussed in section 2.6.4 the numerical simulation of dynamic SSI is controlled by two main 

parameters. There are the spacing of the nodes and the length of the time step. Assuming that the 

numerical method converges toward the exact solution as ∆t and ∆h go toward zero the desired accuracy 

of the solution can be obtained as long as sufficient computational resources are available. In order to 

represent a traveling wave of a given frequency accurately about 10 nodes per wavelength are required. 

Fewer than 10 nodes can lead to numerical damping as the discretization errors certain peaks of the 

wave (Jeremic & Preisig, 2005). The value of the highest relevant frequency is 8.5 from Fourier 

amplitude analysis of input motion but to determine the appropriate maximum grid spacing (Jeremic & 

Preisig, 2005) recommended 𝑓𝑚𝑎𝑥  is about 10 Hz for seismic analysxis. In this thesis 8.5 Hz is the 

maximum relevant frequency and it is on acceptable range seismic analysis is shown Figure 4.6. 
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Figure 4.6:  Fourier Transformations of the Earthquakes 

 

In this study, shear wave velocity is chosen from geotechnical report seismic surface wave (ReMi, one 

of the seismic equipment) conducted for the project. Seismic equipment records data depending on the 

material properties of the subsurface. The investigation on the above mentioned report determines shear 

wave velocities down to a minimum of 5 meters and a maximum of 40 meters depth shown in Figure 

4.7.  

 

 

Figure 4.7:  Shear wave with depth  

Layer -1 

Therefore, ∆ℎ ≤
𝑣

10 𝑓𝑚𝑎𝑥
 = 

110

10∗8.5
 =1.29 m 

Layer -2 

Therefore, ∆ℎ ≤
𝑣

10 𝑓𝑚𝑎𝑥
 = 

177

10∗8.5
 =2 m 
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For nonlinear numerical model of wave propagation problems the time step 𝛥𝑡 has to be limited for two 

reasons they are accuracy and stability for all modes. If the time step in the finite element analysis is too 

large the wave front can reach two consecutive elements at the same moment. This would violate a 

fundamental property of wave propagation and can lead to instability. The time step, therefore, needs to 

be limited. In this model, the smallest grid space ∆h= 1.29 m and the maximum time step is estimated 

as: 

∆𝑡 =
∆ℎ

𝑣𝑚𝑎𝑥
=

1.29

110
= 0.012 𝑠 

4.8 Mesh  

 

The dynamic loading of a single pile is simulated for the analysis of pile and wave propagation in soils 

using the finite element method. The pile was considered as a cylindrical solid element for the purpose 

of determining the pile mesh size. It has been subjected to a lateral earthquake load applied at the base 

of the model. The pile is considered to be fully embedded in soil. 

 

The element sizes are chosen very carefully, on seismic analysis, choosing the right element size for the 

finite elements is essential to capture the motion of waves accurately. The maximum element size for 

soil was maintained at a value less than one-fifth to one-eighth the shortest wavelength (𝜆𝑠) to acquire 

the required accuracy. Here,
𝑉𝑠

𝑓⁄  in which 𝑉𝑠 is the shear wave velocity and 𝑓 is excitation frequency.   

Layer -1 

The shear wave velocity is 110  𝑚
𝑠⁄  

𝜆 =
𝑣

𝑓
=

110

45
= 2.44 

𝑚𝑖𝑛𝑖𝑚𝑢𝑚  𝑒𝑙𝑒𝑚𝑒𝑛𝑡 𝑠𝑖𝑧𝑒 = 0.31 

𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑒𝑙𝑒𝑚𝑒𝑛𝑡 𝑠𝑖𝑧𝑒 = 0.48 

Layer -2 

The shear wave velocity is 117 𝑚
𝑠⁄  

𝜆 =
𝑣

𝑓
=

177

45
= 3.93 

𝑚𝑖𝑛𝑖𝑚𝑢𝑚  𝑒𝑙𝑒𝑚𝑒𝑛𝑡 𝑠𝑖𝑧𝑒 = 0.49 

𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑒𝑙𝑒𝑚𝑒𝑛𝑡 𝑠𝑖𝑧𝑒 = 0.78 
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In finite element modeling, minimum mesh sizes that give accurate results and remove excessive 

calculation time and high computer memory requirements should be calculated. Accordingly, the mesh 

sizes of the finite element calculation result in a size of 0.4 m.  

 

4.9 Loading Steps  

 

4.9.1 Initial 

 

The state of stress in the pile-soil system in actual in-situ conditions was simulated as an initial loading 

condition (in-situ stress conditions) before any dynamic or static external load. Geostatic stress was 

modeled by applying a gravitational load.  

 

To avoid excessive settlements when applying gravity loads define the stress field of the soil mesh. In 

ABAQUS the Geostatic step applies to approve the in-situ condition. In defining the stress field, vertical 

stress at two points should be defined and the variation between those two points is considered linear. 

Here, vertical stress at a point  

(𝜎𝑣) , is determined by considering the number of soil layers that lie above the point considered (n), 

 

Where,  𝛾𝑛  = unit weight of the nth soil layer  

 ℎ𝑛 = soil layer thickness of the nth layer with respect to the point considered  

 

After defining the vertical stress distribution, the lateral earth pressure coefficient should be defined to 

calculate the horizontal stress (𝜎ℎ) distribution of the soil as follows. 

 

Where,  𝑘𝑜  is defined as the lateral earth pressure coefficient at rest and calculated using the following 

equation and the internal friction angle of soil  

                                       𝜎𝑣 = ∑ 𝛾𝑛ℎ𝑛
𝑛
𝑖                                                                                                   4.5 

                                       𝜎ℎ = 𝑘𝑜𝜎𝑣                                                                                                    4.6 

                                       𝑘𝑜 = 1 − 𝑠𝑖𝑛 ∅                                                                                                4.7                    
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At initial step of the model, define the geometry and properties of the soil, to define boundary 

conditions and the interaction between the soil and the pile at the beginning.  

 

4.9.2 Dynamic Loading 

 

In a seismic analysis, seismic load can be applied either as a displacement, velocity, or acceleration time 

history at the base of the model. The proposed design earthquake for 475 year return period and 2475 

years horizontal component of seismic acceleration time history corresponding to 475 years return 

period for Wolaita Sodo site is shown in Figure 4.8. 

 

Dynamic loading step is applied after geostatic load step. Seismic load is applied at the base of the soil-

pile system model as acceleration time history after the selection and scaling of the designed time 

history. The seismic load is applied in both horizontal and vertical directions for electric tower supported 

foundation due to the lightweight of the superstructure. The amplitude of the vertical component is 

assumed to be 2/3 of the horizontal component (Feng, et al., 2011). 

 

 

Figure 4.8:  Acceleration time history  

4.10 Damping 

 

In dynamic analysis of soil-pile interaction system damping occurs in both pile foundation and soil. 

Damping in pile is negligible as compared to soil damping (Bentley & Naggar, 2000). In this thesis also 

only the damping occurrence of soil is assumed, neglect the damping in pile foundation. 
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In soil dynamics, damping is satisfied in two scenarios namely; geometric damping and material 

damping. See the detail of damping in section 2.6.5 

 

Material damping in soils is considered to be succeeded mainly through viscous damping. Therefore, 

traditionally, when computing material damping in soils, mass proportional damping is neglected and 

damping of the soil is achieved through stiffness proportional material damping. Damping matrix is 

hence reduced to a single matrix, which is proportional to the stiffness matrix as shown in Equation 4.8. 

 

In which damping coefficient 𝛽 =
2𝜁

𝜔0
 

 

Where, 𝜔0 is the predominant circular frequency of loading  𝜁 is the material damping ratio of soil 

assumed to be 5 % (Bentley & Naggar, 2000). Predominant frequency is obtained from a Fourier 

spectrum drawn for the input wave from the analyzed time history as shown in Figure 4.9. The frequency 

that gives the maximum Fourier amplitude is selected as the predominant frequency. 

𝛽 =
2 ∗ 5%

8.5
= 0.012 

 

Figure 4.9:  A typical Fourier transformations graph to find the predominant frequency of an 

earthquake wave 

                                       [𝐶] = 𝛽[𝐾]                                                                                                   4.8 
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4.11 Boundary Condition  

 

The important aspects of boundary conditions on dynamic analysis are to avoid wave reflection. The 

use of FEM for this purpose dictates that infinite medium be reduced along artificial boundaries and 

thus be reduced to finite region (near field). Artificial boundaries do not transmit waves from near field 

to far-field without reflections, or at least the wave reflection back into near field should be minimized. 

 

In ABAQUS there are linear infinite elements that can be used to simulate the infinite extent of the soil 

(ABAQUS Documentation, 2010). In this thesis CIN3D8, a three-dimensional linear brick with 8 nodes 

element is used. When using infinite elements the region modeled with finite elements is called near-

field region and the far-field region consists of infinite elements. The mesh size of the infinite elements 

must be larger than the finite elements when using infinite element on the model. The nature of infinite 

elements is such that the displacement tends to zero at the boundary of the far-field region and therefore 

the size of infinite elements must be large enough for this to be imposed.  

 

The soil was modeled into two regions, near field region and far-field region. The near field region 

discuss in detail on section 4.4. The far-field element is modeled as an infinite element but the infinite 

element is not available in element definition on ABAQUS, due to this first define the far-field region 

by a three–dimensional acoustic elements with 8 node linear brick elements is defined AC3D8 element 

type. After meshing define the job right click on defined job select write input goes “inp” file replace 

AC3D8 element with CIN3D8 element. The boundary applied as the extent of the near-field zone was 

determined as 10D from the pile center where D is the pile diameter.  

 

The advantage of using a combination with finite and infinite elements instead of only finite elements is 

that the geometry of the soil could be smaller while still preventing the soil boundaries to affect the pile 

soil response. Another benefit is that infinite element boundaries serve as the boundary conditions, and 

no external boundary conditions need to be specified, as stated in (ABAQUS Documentation, 2010). 

The boundary condition for an infinite element is that the displacement will decrease linearly within the 

element, to zero just at the infinite boundary. 
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Regarding the combination of finite and infinite elements, the near-field region is modeled with C3D8I 

elements whereas CIN3D8 is the element type in the far-field region, Figure 4.10. In the far-field region, 

one infinite element in the radial direction was used. The lower region of the soil is also modeled with 

infinite elements and an element length of 3 meters was assumed. The mesh setup for the combination 

of finite and infinite elements is shown in Figure 4.11. 

  

Figure 4.10:  Definition of near-field and far-field region 

 

Figure 4.11:  Mesh setup for a combination of finite and infinite elements 



   

91 
 

Figure 4.12 show section view of detail the model half three-dimensional representations of model 

size and element type 

Detail pile element types  

 

 

Figure 4.12:  Three-dimensional representations of model size and element type  
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CHAPTER 5 RESULTS AND DISCUSSION 

 

5.1 Ground Motion Analysis 

 

 Peak amplitude, representing the peak ground acceleration (PGA), is an important design parameter. 

The probabilistic seismic hazard analysis (PSHA) result in a horizontal PGA value of 0.13g and 0.223g 

for design basis earthquake and maximum considered earthquake respectively. The PGA value of the 

design basis earthquake is within the range of recommendations stated on the seismic hazard map of 

Ethiopia return periods of 475 years by (Worku, 2011). Worku prepared new seismic hazard map for 

Ethiopia which has five distinct zones with different values of PGA as shown in Figure 5.1. Wolaita 

Sodo converter station is located on Worku’s seismic hazard map with PGA value ranging from 0.1g to 

0.16g. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1:  The seismic hazard map of Ethiopia based on the GSHAP data for a return period of 

475 years (Worku, 2011) 
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Using the above PGA values, deaggregation result in the most dominant magnitude of earthquake to be 

5.5 and 5.7 and source to site distance of 20.23km and 15.27km, respectively. PEER ground motion 

database has been searched for an earthquake magnitude ranging from 5.5-5.7 and distance range of 15-

30km. Top 30m shear wave velocity of 557m/s has been used from the geotechnical report as an input 

on PEER ground motion database. The fault type was selected to be normal fault as it is the dominant 

fault type for Ethiopia. 

 

Umbria Marche earthquake has been selected from the database using the above mentioned inputs to 

characterize the area. The PGA value of this earthquake is 0.163g which arises the need for scaling. 

After scaling, the acceleration time history that is going to be applied on the base of the model is shown 

in Figure 5.2. 

 

 

Figure 5.2:  Scaled Earthquake  
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5.2 Pile Head Response  

 

Figure 5.3 and Figure 5.4 show pile head responses of displacement and acceleration with dynamic time 

for 0.6 m diameter pile, respectively, subjected to seismic excitations at the base of the model.  

 

Figure 5.3:  Lateral displacement of diameter 0.6 m at pile head with dynamic time under kinematic 

interaction 

 

 

Figure 5.4:  Acceleration response of diameter 0.6 m at pile head with dynamic time under  

                                     kinematic interaction 
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Figure 5.5 and Figure 5.6 show pile head responses of displacement and acceleration with dynamic time 

for 0.8 m diameter pile, respectively, subjected to seismic excitations at the base of the model. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.5:  Lateral displacement of diameter 0.8 m at pile head with dynamic time under kinematic 

interaction 

 

Figure 5.6:  Acceleration response of diameter 0.8 m at pile head with dynamic time under  

                                     kinematic interaction 
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As shown in Figures 5.3-5.6, the responses show similar pattern as that of the input. It is shown that the 

input motions were amplified on the response diagrams, both for the acceleration and displacement. The 

maximum lateral deflections of the piles are 72.02 mm and 63.7 mm for 0.6 m and 0.8 m diameter piles, 

respectively. Bouzid et.al. 2013 cited in API (2001) state allowable head deflection to be up to 5% of 

the pile diameter. Accordingly, the obtained pile deflections in this thesis exceed the acceptable range, 

the thresholds being 30 and 40 mm for diameter 0.6 m and 0.8 m respectively. While modeling the pile, 

stiffness of plain concrete has been considered and the stiffness contribution of reinforcements has not 

been incorporated. The above exceedence of    deflection thresholds might be attributed to this effect. 

 

To determine the effect of pile size on pile head response, two pile diameters, 0.6 m and 0.8 m, have 

been considered while keeping pile properties, pile element, mesh sizes, and pile length constant. 

Comparison of the displacement of the two piles shows reduction of pile displacement with the increase 

of pile diameter. As shown in Figure 5.5, the displacement of the 0.8 m diameter pile is lower than the 

displacement of 0.6 m diameter pile throughout the dynamic time. 
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5.3 Embedment Depth Effect  

 

Figure 5.7 and Figure 5.8 shows the kinematic pile response at different embedment depth from the 

top head of the pile to the bottom of pile with interval of 3 m. The lateral displacement of the pile 

shows decrement with the increase of embedment depth. This is attributed for the increase of stiffness 

of soil as depth increases. 

 

 

Figure 5.7:  Lateral displacement of 0.6 m pile for different depths under kinematics interaction 

 

Figure 5.8:  Lateral displacement of 0.8 m pile for different depths under kinematics interaction 
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Figure 5.9 shows the pile deflection along the length of pile for diameter 0.6 m and 0.8 m respectively. 

When long slender piles are embedded in layered soil, the deformation along the pile can be governed 

by the stiffness of the surrounding soil and the amount of deflection can be influenced by the stiffness 

difference between pile and soil. Lateral deflection of pile decreased while going down along the pile 

length for both diameter 0.6 m and 0.8 m. 

 

 

 

 

Figure 5.9:  Pile deflection along the pile length a) Diameter 0.6 m b) Diameter 0.8 m 
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The shear force in each horizontal pile section was calculated by multiplying the x-direction horizontal 

shear stress of each element by its plan surface area using Equation 5.1. 

 

Mathematically, 

 

 

 

Figure 5.10:  A section showing stress in x-direction in an element   

Where,  

 F      = shear force in each horizontal pile section  

 𝜏𝑥𝑦,𝑖  = horizontal shear stress in element  

Ai     = plan area of element  

 N     = total number of elements in a horizontal pile section 

 

 

 

 

 

 

 

 

                                        𝐹 = ∑ 𝜏𝑥𝑦𝐴𝑖
𝑛
𝑖=1                                                                                                5.1 
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The bending moment (M) developed in each pile section was obtained by summation of the product 

of the vertical stress at each element, the plan area of that element, and the x-distance from the center 

of the pile to the centroid of the element using Equation 5.2 to calculate bending moment. 

 

 

 

 

 

Figure 5.11:  A section showing stress in z-direction in an element 

Where, 

𝑀 = bending moment in each horizontal pile section  

𝜎𝑦𝑦,𝑖= vertical normal stress in the element  

 𝐴𝑖 = plan area of element Ei 

 𝑥𝑐𝑖 = centroid distance of element Ei from the center of the pile, in the x-direction  

 n = total number of elements in a horizontal pile section 

 

 

 

 

 

                                        𝑀 = ∑ 𝜎𝑦𝑦,𝑖  ∗ 𝐴𝑖  ∗  𝑥𝑐𝑖
𝑛
𝑖=1                                                                         5.2 
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Figure 5.12 shows shear force diagram along the pile length for diameter 0.6 m and 0.8 m respectively. 

 

 

Figure 5.12:  Shear force along the pile length a) Diameter 0.6 m b) Diameter 0.8 m 
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Figure 5.13 shows bending moment diagram along the pile length for diameter 0.6 m and 0.8 m 

respectively. In this model maximum bending moment is attained at the bottom of pile. The pile 

diameter affect the amplitude of the bending moments at the bottom of pile. The bending moment 

increases as the pile diameter increases .The pattern of bending moment under dynamic load for both 

diameters are the same and this result is similar to literature (Francesca , et al., 2009).  

  

Figure 5.13:  Bending moment along the pile length a) Diameter 0.6 m b) Diameter 0.8 m 

 

As the cross section of pile increases the bending moment also increases and depth of soil subjected 

to bending moment increases with increase in cross sectional area.  This is because of increased surface 

area and Stiffness of the pile. 
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5.4 Lateral Soil Resistance and Displacement at Different Depth and Diameter  

 

Lateral soil resistance per unit length, p, is the sum of the lateral forces applied to the entire interface 

nodes per unit length along with the pile. Lateral displacement, y, can be obtained from the nodal 

displacements. The x-direction (horizontal) components of normal stress (𝜎𝑥,𝑖) and shear stress (𝜏𝑥,𝑖) 

at interface node,𝑖, were calculated using Equation 5.3 and the lateral soil resistance, p, was calculated 

by summing all pi at the desired elevation Kanagasabai (2010). 

 

 

 

Figure 5.14:  Interface between soil and pile system 

 

Where, 

𝜎𝑖= normal stress at the interface node at point G 

𝑃𝑥,𝑖= the x- components of lateral soil pressure  

𝜏𝑥𝑦,𝑖= shear stress at the interface node at point G 

𝑥𝑖= x-coordinate of the interface node at point G 

𝑦𝑖= y-coordinate of the interface node at point G 

𝐴𝑖= representative area of interface node  

𝐿𝑖 =is the pile length between two neighboring interface nodes along the pi 

                                        𝑃𝑥,𝑖 =
(𝜎𝑖𝑛𝑥,𝑖+𝜏𝑥𝑦𝑛𝑦,𝑖)𝐴𝑖

𝐿𝑖
                                                                                5.3 
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5.4.1 Displacement and Soil Resistance for Diameter 0.6 m 

 

Figure 5.15 to 5.18 shows  displacement and soil resistance with dynamic time for diameter 0.6 m 

by varying pile depth. 

a)                                                 b)  

       

Figure 5.15:  Effect of seismic load at  pile head  a) displacement with time b) soil resistance  with 

time     

 

a)                                                                                    b) 

         

   Figure 5.16:  Effect of seismic load at depth 6 m a) displacement with time b) soil resistance with 

time   
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a)                                                                                    b)   

   

Figure 5.17:  Effect of seismic load at depth 12 m a) displacement with time b) soil resistance with 

time   

 

 

 

a)                                                                                    b)   

    

 

Figure 5.18:  Effect of seismic load at depth 15 m a) displacement with time b) soil resistance with 

time   
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5.4.2 Displacement and Soil Resistance for Diameter 0.8 m 

 

Figure 5.19 to 5.21 shows  displacement and soil resistance with dynamic time for diameter 0.8 m 

by varying pile depth. 

a)                                                                                    b)   

                                      

Figure 5.19:  Effect of seismic load at pile head a) displacement with time b) soil resistance with 

time 

a)                      b)                                                    

      

Figure 5.20:  Effect of seismic load at depth 6 m a) displacement with time b) soil resistance with 

time     
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a)                                                                                 b)                   

    

Figure 5.21:  Effect of seismic load at depth 12 m a) displacement with time b) soil resistance with 

time     

 

a)                                                                                    b) 

          

Figure 5.22: Effect of seismic load at depth 15 m a) displacement with time b) soil resistance with 

time     
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On site, the transmission tower is constructed using 0.6 m diameter pile. To assess the effect of pile 

size, analysis has been performed both on 0.6 m and 0.8 m diameter pile. Result shows that 

approximately 10 mm deflection reduction for an increase of 200 mm in pile diameter. For the load 

resistance, 0.8 m diameter pile shows significant increase on load resistance as compared to 0.6 m 

diameter of pile. Therefore, deflection and load resistance of pile show reduction and increment, 

respectively, along with increasing pile diameter.   
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CHAPTER 6  CONCLUSION AND RECOMMENDATION  

 

6.1 Conclusion 

 

During ground shaking, pile foundations are subjected to lateral forces. Even though the primary 

function of a pile foundation is to carry and transfer the vertical loads from the superstructure, it has to 

withstand lateral forces due to seismic actions or any other lateral forces as well. The seismic response 

of the soil is affected by an interaction between the structure and surrounding soil. 

 

One of the major portions of this research is seismic hazard analysis for the specified electric converter 

station area. Probabilistic seismic hazard analysis has been carried out for return period of both 475 

years and 2475 years. For both design basis earthquake, corresponding to 475 years of return period, 

and for maximum considered earthquake, corresponding to 2475 years of return period, peak ground 

accelerations have been calculated. 0.16g and 0.233g are the peak ground acceleration values for design 

basis earthquake and for maximum considered earthquake, respectively and these PGA values fall in 

the range of PGA values determined by Worku (2011). 

 

In this thesis, ABAQUS software was used for three dimensional analysis of pile soil system to 

determiner pile response under seismic load in layered  soil. The dynamic simulation systems are used 

to develop the response of pile under seismic excitation. Acceleration time history with duration of 

22.065 seconds was used to assess the pile deflection, p-y curve pattern and kinematic effects on the 

pile. 

 

The maximum deflections for diameter 0.6 m and 0.8 m pile were 72.02 mm and 63.7 mm respectively. 

These values exceed the recommended threshold values, which is given as 5% of pile diameter (Bouzid 

.et.al. ,2013). In this thesis, the reinforcements were not considered. Therefore, this much exceedance 

of the pile deflections might be attributed to the fact that strength from rebar has not been considered.  
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Deflection values of each pile at different depths decrease while going from top to bottom, as it is 

expected. Increasing the pile diameter by 200 mm shows reduction of 10 mm lateral deflection of pile. 

However, such an increase in pile size shows significant amount of increment on soil resistance. 

 

6.2 Recommendation for Future Work 

 

 It is recommended to use various diameter of piles for better comparison. 

 It is recommended to consider large super structural load in order to see inertial effect. 

 It is recommended to consider group of piles. 

 It is recommended to consider the reinforcement of the pile. 
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APPENDIX - A 

 

 

 

Plan view of a fault rupture, giving the definition and sign convention of the source- 

to-site azimuth (α). 
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APPENDIX - B 

 

 

Plan view of the nine geometric cases for the location of a site with respect to the fault strike and 

surface projection of ruptured area, used in the calculation of RX. 

 

 

 

 

 


