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ABSTRACT 

Ethiopia's capital, Addis Ababa, is situated near the edge of the Ethiopian Rift System, an 

area with moderate seismic activity. The city is vulnerable to earthquakes due to its 

geographic location. Because the characteristics of soil affect seismic wave propagation, 

amplification and attenuation, studying site effect is crucial for earthquake investigations 

in a particular location. For this purpose, a two-dimensional ground response analysis is 

performed using soil data from geotechnical investigation reports and multi-channel 

analysis of surface waves (MASW) to characterize the soil profile of selected sites at five 

sub cities that are found on the South – Western part of Addis Ababa and to determine 

how these locations affected the input ground motions. Considering the local geology and 

tectonic circumstances, the input ground motions are selected from the PEER ground 

motion database. Ground response analysis is conducted using the input soil data and five 

ground motions at the ground surface in the PLAXIS 2D software. And based on the results 

and shape file of the study area, Seismic micro zonation map is produced. The results of 

the analyses indicate that the selected sites have a significant potential for amplifying 

ground motions. This amplification is notably higher than current local code specified 

predictions but near to NEHRP provisions. Therefore, it is recommended to revise the local 

code spectra and conduct a detailed investigation and mapping of the rest six sub cities of 

Addis Ababa to ensure accurate seismic risk assessment and improve safety measures. 
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CHAPTER ONE 

1. INTRODUCTION 

1.1.  Background  

Studying site effect is essential for earthquake studies in a specific area because soil 

properties influence seismic wave propagation, amplification, and attenuation. Site effect 

has emerged as a major concern in geotechnical earthquake engineering among all the 

parameters that influence strong earthquake ground motions. These variables include the 

earthquake's size, its distance from the epicenter, the length of the ground motion, the wave 

path's geology, its frequency, and the region's soil characteristics (Getu, 2022). As a result, 

the site has a visible impact on either amplifying or attenuating the ground response when 

an earth quake happens at the site. 

Ethiopia's capital, Addis Ababa, is situated near the edge of the Ethiopian Rift System, an 

area with moderate seismic activity. Because of its location, the city is susceptible to 

earthquakes. It is essential to comprehend and get ready for the seismic dangers if Addis 

Ababa's population and infrastructure are to be secure and resilient. In the recent past, it 

has had several earthquakes with magnitudes up to MS 6.8. There have already been 

several destructive earthquakes in the area. On certain cases, a handful of the city's 

engineering structures suffered minor damage as a result of these earthquakes. Among the 

notable earthquakes that occurred within that period were the 1906, 1960, and 1961 

earthquakes, with respective magnitudes of 6.8, 6.3, and 6.7 (Mammo, 2005).  

If an earthquake were to strike a city like Addis Ababa, the consequences could be 

significant and wide-ranging. The seismic forces could cause substantial structural 

damage, leading to the collapse or severe damage of buildings and infrastructure across 

the entire city. Such destruction would not only result in the loss of homes and businesses 

but also disrupt critical services like transportation, water, and electricity. The impact on 

human lives would be significant, with potential injuries and losses.  

Depending on the level of detail being studied and the complexity of the study, one, two, 

or three-dimensional methods can be used to represent the site conditions and conduct 

ground response analysis.  
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1.2. Objectives 

1.2.1. General Objective 

The general objective of this study is to investigate the ground response analysis in the 

selected South - Western part of Addis Ababa.  

1.2.2. Specific Objectives 

The following specific objectives are comprised: 

 Characterizing selected sites in South - Western part of Addis Ababa by the 

integration of geotechnical investigations and geophysical techniques.  

 Investigating whether the chosen sites have the ability to amplify or attenuate the 

input seismic ground motions;  

 Determining mean response spectra of the sites and making comparison with code-

specified spectra.  

1.3. Scope of the study 

In order to conduct a large-scale investigation into the ground amplification or attenuation 

potential of the soil in Addis Ababa, a complete site characterization of the entire city is 

required. However, such an investigation would involve significant time and financial 

resources, which are beyond the scope of this particular study.  

Instead, this study takes a narrower approach by focusing specifically on the South - 

Western part of Addis Ababa specially five sub cities with in the region. This particular 

section is of special interest due to its significance and potential vulnerability to seismic 

events. Within this scope, the study collects and examine existing geotechnical 

investigation reports to obtain essential soil data. Additionally, geophysical tests are 

conducted in selected areas. These reports serve as valuable sources of information which 

is used as input for the ground response analysis. 

The analysis method of this study is two-dimensional ground response analysis, as it 

provides a detailed representation of the selected sites, which optimizes the accuracy of 

the ground response analysis. 
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1.4. Methodology 

Two-dimensional ground response analysis is performed on selected sites in the South - 

Western part of Addis Ababa to examine their potential for amplifying or attenuating 

earthquake ground motions. To conduct the study, geotechnical and geophysical data is 

collected from construction companies in the area and through Multi-Channel Analysis of 

Surface Waves (MASW) tests in selected areas respectively, offering valuable insights 

into subsurface conditions and seismic characteristics down to a minimum depth of 30 

meters. 

After collecting data from both geotechnical and geophysical tests, the ground motions 

used as input are sourced from the PEER ground motion database, taking into account the 

geological and tectonic conditions specific to the study area, and the ground motion 

analyses have been carried out using PLAXIS 2D software, as two-dimensional analysis 

necessitates finite element software. Chapter four provides comprehensive details on the 

procedures, methods, and input parameters employed in this study. 

Based on the analysis results collected from the PLAXIS 2D software, a seismic micro 

zonation map of the five sub cities in the South - Western part of Addis Ababa is produced 

using Geographic information system (GIS) software. 

1.5. Outline of the study 

There are seven chapters in this study. Chapter 1 introduces the study’s objective, scope, 

and methodology. Chapter 2 provides a literature review of previous research on how soil 

responds to cyclic loading and presents techniques for analyzing ground response analysis. 

Chapter 3 describes the location, topography, geology, and seismic hazards of the study 

area. Chapter 4 focuses on data collection, processing, and the methodologies employed 

in geotechnical and geophysical methods, Chapter 5, describes the ground motions used 

as input for the analysis. In Chapter 6, the findings of the ground response analyses and 

micro zonation map are presented. Finally, Chapter 7 summarizes the conclusions drawn 

from the analysis results and provides recommendations based on those conclusions. 
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CHAPTER TWO 

2. LITERATURE REVIEW 

2.1. Behavior of soils under cyclic loading 

The hysteresis loop shown in Figure 2-1 might be seen in a typical soil that is under a flat 

ground surface, distant from surrounding structures, and exposed to symmetric cyclic 

stress as one might expect. There are two approaches to characterize this hysteresis loop: 

first, by looking at the loop's actual route. Secondly, by characteristics that depict its 

overall form. Generally speaking, the inclination and width of a hysteresis loop are two 

crucial aspects of its shape (Kramer, 1996). 

 

Figure 2-1: Hysteresis loop showing Secant and Tangent shear modulus  (Kramer, 1996) 

The tangent shear modulus Gtan can be used to characterize the soil's stiffness at any 

stage of the loading process, which determines the loop's inclination. And, Gtan fluctuates 

over a loading cycle, but the secant shear modulus can roughly represent its average 

value across the whole loop (Kramer, 1996). 

2.1.1. Shear modulus reduction curve 

The shear modulus is one of the most important soil parameters used for the dynamic 

response analysis of the soil. The determination of these parameters at low strain level is 

done by geophysical technique. This parameter's key benefit is that it may be utilized to 

vary in response to strain, allowing the soil reaction to accurately reflect the modulus of 



Site specific Ground Response Analysis at South - Western part of Addis Ababa 

MSc Thesis  Page 5 
 

degradation in the behavior of the soil. The stiffness matrices for the finite element analysis 

of foundation soils and earth structures are defined using this parameter (Luna & Jadi, 

2000). 

The shear modulus reduction curve, or G/Gmax curve, illustrates how the stiffness of a 

material decreases with increasing shear strains or cyclic loading. It shows the ratio of the 

current shear modulus (G) to the maximum shear modulus (Gmax). This curve is crucial in 

understanding the material's behavior, energy dissipation, and potential for liquefaction or 

deformation under different loading conditions. 

Maximum Shear modulus denoted as Gmax, refers to the peak or maximum value of the 

shear modulus that a material can attain. The measured shear wave velocities can be used 

to compute Gmax (Kramer, 1996). 

𝐺𝑚𝑎𝑥 = 𝜌𝑉𝑠
2

                                  ( 2.1) 

The slope at the origin (zero cyclic strain amplitude) represents the largest value of the 

shear modulus, Gmax (Kramer, 1996).  

 

Figure 2-2: (a) backbone curve. (b) modulus-reduction curve showing typical variations of Gsec 

with (Brinkegreve, 2005) shear strain (after Kramer 1996) 
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2.1.2. Damping curve 

The other material curves to consider are damping curves, which represent the breadth of 

a hysteresis loop. These curves signify the extent of energy dissipation caused by the 

movements of soil particles. Damping is the dissipation of energy within a system, which 

results in the gradual reduction of oscillations or vibrations over time. Different damping 

mechanisms are used to dissipate the kinetic and strain energy of a vibrating system (Chopra, 

2012).  

 

𝜉 =
𝑤𝐷

4𝜋𝑤𝑠
=

1

2𝜋

𝐴𝑙𝑜𝑜𝑝

𝐺𝑠𝑒𝑐𝛾 𝐶
2                  ( 2.2) 

Where: WD is the dissipated energy,  

WS is the maximum strain energy and  

Aloop is the area of the hysteresis loop 

Gsec is the secant shear modulus 

 γc   is the shear strain 

 

Figure 2-3: Variation of damping ratio of soils with cyclic shear strain and plasticity index 

(Dobry & Vucetic, 1987). 
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2.2. Ground Response Analysis 

Ground response analysis is a computational method used to evaluate the behavior of soil 

layers during seismic events. The analysis aims to understand how the ground motion is 

modified as it propagates through different soil layers at a specific location. Ground 

response analyses (GRA) need to be performed for obtaining ground motions at surface 

level for a chosen bed rock motion (Kumar & Krishna, 2013). GRA is used to predict 

ground surface motions for different purpose. These include development design response 

spectrum, evaluation of dynamic strain and stresses and for liquifaction hazard analysis 

and determination of earthquake induced forces that can lead to instability of geotechnical 

structures (Kramer, 1996). So that conducting a ground response analysis is essential when 

evaluating the behavior of the ground surface during an earthquake event.  

Ground response analysis can be excuted by either one-dimensional, two-dimensional, or 

three-dimensional methods. These include the complexity of the geological conditions, the 

accuracy required for the study, the computational resources available, and the specific 

objectives of the analysis. Each method offers different levels of detail and precision, with 

three-dimensional methods providing the most comprehensive results. 

2.2.1. One Dimensional Ground Response Analysis 

Considering the presumption that all boundaries are horizontal and that SH-waves 

propagating vertically from underlying bedrock are the primary cause of a soil deposit's 

response, one-dimensional ground response analysis is conducted. The horizontal 

direction of the soil and bedrock surface is assumed to be limitless in one-dimensional 

ground response analysis (Kramer, 1996).  

In this analysis method, the ground is typically idealized as a series of horizontally layered 

soil or rock strata. Each layer is characterized by its mechanical properties, such as shear 

modulus, damping ratio, and density. The analysis assumes that the ground motion is 

vertically propagating and that the soil layers are laterally homogeneous. This analysis 

method can effectively evaluate the response of levelled or gently sloping grounds. In the 

context of ground response analysis, the 1-D analysis is helpful for sites that are flat or 

gently sloping and have parallel material limits (Arjuna et al., 2021).  

One-dimensional ground response analysis can be conducted using three different 

methods. These methods vary in simplicity and accuracy of representation. The methods 
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include linear analysis, which is the simplest, equivalent linear analysis, and non-linear 

analysis, which provides the detailed representation of the analysis. Each method offers a 

different balance between complexity and accuracy.  

2.2.2. Two-Dimensional Ground Response Analysis 

Two-dimensional ground response analysis refers to the analysis and modeling of soil 

behavior and ground motion in two dimensions. Techniques for the solution of such 

problems have been developed using both frequency domain (complex response) methods 

and time domain (direct integration) methods. It involves considering the vertical and 

horizontal responses of the soil to dynamic loading, such as seismic waves or vibrations 

from structures. Sloping or irregular ground surfaces, the presence of heavy structures or 

stiff, embedded structures, or walls and tunnels all require two-dimensional analysis 

(Kramer, 1996).  

The presence of a soft soil valley and/or a hill are considered to contribute to the acceptance 

of 2-D numerical schematizations due to the focalization of seismic waves at the valley's 

ground surface and at the crest, respectively (Arjuna et al., 2021). The inherent complexity 

of sites, characterized by varying soil properties and topographical features, necessitates a 

two-dimensional ground response analysis.  

This method enables a more accurate representation of spatial variability and boundary 

effects, providing crucial insights into seismic response across diverse geological settings 

and aiding in effective engineering design and risk mitigation. 

2.2.3. Three-Dimensional Ground Response Analysis 

In some instances, two-dimensional idealizations might not be able to capture the actual 

features and hence, three-dimensional analysis may be necessary. With this three- 

dimensional analysis it is possible to investigate the amplification and damping in 

earthquake wave amplitudes considering the actual prevailing conditions at a site (Dogan, 

2023). Even though the analysis approach is sophisticated, it will be necessary to analyze 

the site in three dimensions due to the level of heterogeneous environment present in the 

area. 

If soil conditions exhibit three-dimensional variability, if problem boundaries vary in three 

dimensions, and if the response of three-dimensional structures is of concern, conducting 
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three-dimensional analysis is essential for the specific project. Three-dimensional dynamic 

response problems are treated in much the same way as two-dimensional problems 

(Kramer, 1996). These analysis methods remain largely consistent; however, three-

dimensional analysis necessitates the inclusion of complex geometries and loading 

conditions. 

The dynamic response and soil-structure interaction problems for the higher dimensions 

are often solved using dynamic finite element analysis (Kramer, 1996). Different finite 

element methods can be used to carry out this ground response analysis. 

2.3. Finite Element Analysis 

Finite element method has proven to be very effective in solving problems with bounded 

domains, particularly when in homogeneities and nonlinear effects should be treated 

(Kamalian et al., 2006). The region to be analyzed is discretized into several elements in 

this method of analysis. Using this finite element method, the responses at each nodal point 

in each stage of the analysis can be investigated (Arjuna et al., 2021). Conducting finite 

element analysis for each element helps combine the nodes, representing the entire ground 

response. This method ensures an accurate representation of the ground's behavior. 

Several finite element software are capable of modelling geotechnical engineering 

problems (Arjuna et al., 2021). These commonly used soft wares include PLAXIS 2D, 

PLAXIS 3D, FLAC 3D, and ABAQUS. Choosing the appropriate software depends on 

available resources, and specific features offered by each software. 

2.4. Constitutive Models 

Constitutive models form the qualitative description of material behavior; whereas the 

model parameters further quantify the soil’s behavior (Brinkgreve, 2005). These models 

vary from simple linear elastic to intricate nonlinear advanced formulations depending on 

the complexity of the soil behavior being analyzed. The Mohr-Coulomb model is one of 

the most commonly used constitutive models in geotechnical engineering.  

The Mohr- Coulomb model involving five parameters, namely the two elastic parameters 

from Hooke’s law (Young’s modulus, E, and Poisson’s ratio, v ), the two parameters from 

coulomb’s failure criterion (the friction angle, ϕ  and cohesion, c) and dilatancy angle, 𝜓  
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is used. The Mohr-Coulomb failure contour's hexagonal shape closely matches the stress 

combinations that lead to failure in actual soil samples. As a result, this model works well 

for analyzing the stability of geotechnical structures (Brinkgreve, 2005). 

2.5. Dynamic Soil Property Measurement 

The evaluation of dynamic soil properties is one important task while solving geotechnical 

earthquake engineering problems (Kramer, 1996). The test provides valuable 

understandings into subsurface conditions, enabling a more accurate representation of site-

specific characteristics. They play a significant role in characterizing soil properties, 

assessing seismic hazards, and contributing to geological and geotechnical mapping.  

To characterize the properties of soil, there are a number of laboratory and field 

tests. Laboratory tests are typically conducted on relatively small samples that are thought 

to be indicative of a larger body of soil. The ability of laboratory tests to accurately 

evaluate soil properties depends on their capacity to duplicate the initial conditions and the 

loading conditions of the problem of interest, whereas field testing enables in-situ 

measurements of soil parameters. Sampling is not necessary for field tests, as it can change 

the stress, chemical, thermal, and structural properties of the soil samples. Therefore, it is 

beneficial to apply field testing to interesting problems (Getu, 2023). To be ready for the 

field test, a few more tests must be conducted. When choosing testing procedures to 

quantify dynamic soil properties, careful consideration and understanding of the specific 

problem at hand are necessary (Kramer, 1996). 

The next section describes the two field test methods that are currently in use: Multi – 

Channel Analysis of surface waves (MASW) and seismic refraction survey. 

2.5.1. Multi - channel Analysis of Surface Waves (MASW)  

Multi - channel Analysis of Surface Waves (MASW) is a geophysical method used for the 

characterization of subsurface materials and the determination of shear wave velocity 

profiles. The MASW technique offers several notable advantages, making it an excellent 

choice for site characterization. One such advantage is its capacity to provide a substantial 

investigation depth of approximately 30 meters. Recently, MASW has been created as an 

alternative to conventional high-resolution seismic methods. It operates at comparatively 

lower frequencies and shallower study depth ranges (Ark et al., 2007). This depth range 
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allows for a comprehensive understanding of subsurface conditions, enabling effective site 

assessment and characterization.  

Three steps are involved in the process of producing a shear wave profile through spectral 

analysis of surface waves: obtaining ground roll, creating a dispersion curve (a plot of 

phase velocity versus f), and then inverting the calculated dispersion curve to calculate the 

shear wave profile (Vs). To precisely calculate the Vs profile, broadband ground roll must 

be generated and captured with the least amount of noise (Park et al., 1999). Combining 

dispersion images processed from active and passive data sets is frequently helpful or 

required for two reasons: (1) to increase the depth range of dispersion that can be studied, 

and (2) to more clearly define the modal character of dispersion patterns (Ark et al., 2007). 

The entire wave field is inverted to get the shear wave velocities. Body waves, higher-

mode surface waves, and scattered, non-source generated surface waves are examples of 

these nonplanar, non-fundamental mode Rayleigh waves (noise). Both frequency and 

distance from the source affect how much each of these noise types impact the dispersion 

curve and, eventually, the inverted shear wave velocity profile (Park et al., 1999). In order 

to conduct a more detailed geotechnical studies, the inverted shear wave velocity collected 

from the MASW test is commonly used. 

2.5.2. Seismic Refraction Surveys 

A seismic refraction survey is a geophysical technique used to investigate subsurface 

properties and determine the shear wave velocity and depth of different geological layers. 

The method depends upon Seismic waves travel through different material at different 

velocities and measuring the time taken for a seismic wave to travel from one point to 

another (Ayolabi, Adeoti, , Oshinlaja, Adeosun, & Idowu, 2009). The major drawbacks of 

the seismic refraction test from a geotechnical point of view are the inability to detect low 

velocity layers between high velocity layers and the fact that it samples only a portion of 

the material in a thick soil layer (Luna & Jadi, 2000).  

It is important to note that the choice between a seismic refraction survey and MASW 

depends on various factors, including the specific objectives of the investigation, the depth 

range of interest, and the geological complexity of the site.  
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2.6. Case Study 

Site-specific ground motion simulation and seismic response analysis at the proposed 

bridge sites within the city of Addis Ababa, Ethiopia was done by (Mammo, 2005). 

Theoretical ground motion modeling is used in this work to determine ground motions and 

their spectral responses at five different sites proposed for bridge constructions in 

connection with the Addis Ababa ring road project. The analysis method for this study is 

one – dimensional and the geophysical investigation used for the study was seismic 

refraction surveys, which have inherent limitations. These limitations include depth 

constraints, assumptions of layer homogeneity, limited resolution for small scale features, 

and sensitivity to near surface conditions.  

Ground Response Analysis of Selected Sites in Hawassa Area was done by (Eshetu, 2017). 

Primary data from seismic refraction tests and secondary data from available geotechnical 

reports were collected from different locations of the city so as to model respective soil 

profiles. This study focused on an earthquake prone area, which is of significant 

importance. However, the analysis method for this study is one – dimensional and the data 

used in the study lacked sufficient support, as the geophysical test relied on seismic 

refraction surveys, which are subject to depth limitations. 

An investigation into the ground motion amplification potential of selected sites of Addis 

Ababa city was done by (Gashaye, 2018). In the study, specific site characterization and 

one-dimensional ground response analysis were performed using seismic refraction data 

and geotechnical data. This study is conducted using seismic refraction surveys, which are 

subject to depth limitations. And also, the one-dimensional ground response analysis 

method has limitations in representing the study area.  

Site Response Analysis of Selected Sites of Adama City was done by (Abiy, 2021). One-

dimensional equivalent linear and nonlinear site response analyses have been conducted 

at nine sites in Adama. The shear wave profiles of the sites were obtained using a 

geophysical test called Multi - channel Analysis of Surface Waves (MASW). This test 

offers a significant investigation depth of around 30 meters, which is representative of the 

area. However, the one-dimensional ground response analysis method has limitations. 
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Nonlinear Ground Response Analysis of Selected Sites of Addis Ababa using 

Geotechnical and Seismic data was done by (Getu, 2022). Geotechnical investigation test 

results are collected, and geophysical tests are directly conducted for the purpose of site 

characterization. The study employed both primary and secondary data to characterize the 

site. Primary data was collected using Multi-Channel Analysis of Surface Waves 

(MASW), revealing a high susceptibility to seismic waves in the area and recommending 

a seismic micro zonation, which sparked further interest in conducting additional 

investigations and map the recommended study area. This study was conducted using one-

dimensional ground response analysis, which has limitations affecting its accuracy in 

certain conditions.  

2.7. Limitations 

Due to limited secondary data and the high expense of geophysical testing, finer 

classifications at the woreda level or smaller scales were not pursued in this study. The 

produced map is also categorized by sub cities only, acknowledging potential differences 

in soil types within each sub city.  
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CHAPTER THREE 

3. Location and Seismicity of the study area 

3.1.  Location and Topography 

Addis Ababa, the capital of Ethiopia, serves as a diplomatic hub for Africa and hosts 

various international programs. It is situated in the central highlands of the country, 

positioned at an elevation of 2,355 meters. Located at coordinates 9°1′48″N 38°44′24″E. 

Addis Ababa is divided into eleven sub cities, which are Addis Ketema, Akaki Kality, 

Arada, Bole, Gulele, Kirkos, Kolfe keranyo, Lideta, Nifas silk Lafto, Yeka, and the 

recently added Lemi Kura sub cities. Out of which, five sub cities, which are Akaki Kality, 

Kirkos, Kolfe Keranyo, Lideta, and Nifas Silk Lafto sub cities, are selected for this study 

since they are located in the South - Western part of Addis Ababa. The Addis Ababa and 

South – Western part of Addis Ababa map is presented in Figure 3-1. 

 

Figure 3-1: South – Western part of Addis Ababa map 
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The South - Western region of Addis Ababa presents a diverse topography, characterized 

by irregular shapes and slopes. This distinctive terrain creates a unique urban landscape 

with varying elevations and gradients throughout. Additionally, the irregular landforms 

add character to the area, contributing to its dynamic responses.  

3.2. Geology 

Addis Ababa is situated on the edge of the active East African Rift System, which includes 

the Main Ethiopian Rift. Therefore, the geology and structural components of the city and 

its surroundings are impacted by each stage involved in the formation and subsequent 

extension of the Rift System (Mammo, 2005). 

The city is surrounded by volcanic mountains, which include Mount Furi to the east, the 

Wechecha range to the southwest, Entoto Chain Mountain to the north, and Mount Yerer 

to the southeast. Rocks from the Lower Miocene to the Quaternary make up the geology 

of the city of Addis Ababa. (Engidasew & Abay, 2016). Aphanitic basalt, rhyolite, 

ignimbrite, tuff-agglomerate, trachyte, scoracious basalt, and alluvium are among the rock 

units. On the northern and southern portions, newer volcanic rocks from the recent 

volcanism of Wechecha, Furi, and Yerer are underlain by thick basalt units (Engidasew & 

Abay, 2016). 

The entire area to the south, east, and west of the city is covered by the Younger Volcanics. 

The oldest aphanitic basalts, the middle-aged porphyritic feldspar basalts, and the youngest 

porphyritic olivine basalts are all defined as being Pliocene in age. The youngest volcanic 

rocks in the Addis Ababa region are the Pliocene - Pleistocene Younger Volcanics. These 

are the olivine basalts and silicic lavas and pyroclastics (Balchi rhyolites). Tuffs, 

ignimbrites, rhyolites, and trachytes are among the Balchi. They are vulnerable in the city's 

east and south, as well as outside of it (Mammo, 2005).  

As indicated on the Modified geological map of Addis Ababa city the South - Western 

part of Addis Ababa is covered by volcanic features named Scoroa cones of Quaternary 

Younger Basaltic lavas, Cinder cones, Quaternary Alluvial soils, Upper Miocene Addis 

Ababa porphyritic Olivene Basalt, Ignimbrite of Pliocene to Quaternary Young Volcanics, 

and Trachy basalt of Pliocene to Quaternary Young volcanics.  

The geological arrangement of Addis Ababa city (after SEURECA SOACE & BCEOM, 1996) 

is generalized on the Figure 3-2. 
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Figure 3-2: Modified geological map of Addis Ababa city ( after SEURECA SOACE & 

BCEOM, 1996) 

3.3. Seismic hazard of Addis Ababa 

Addis Ababa, positioned at the margin of East African Rift Valley, faces potential 

earthquake hazards owing to the geological dynamics of the region. The city's proximity 

to the Rift Valley necessitates readiness for seismic occurrences and the adoption of 

suitable safety protocols.  
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At an epicentral distance of roughly 120 km south of Addis Ababa, a large earthquake with 

a magnitude of 6.8 struck this zone in 1906. The greatest earthquake to ever be recorded 

in Ethiopia was this one. In Addis Ababa, it had a widespread impact. The 6.3 magnitude 

earthquake that occurred in 1960 and the 6.2 magnitude earthquake that occurred in 1987 

are two more notable earthquakes in this zone (Mammo, 2005).  

The seismicity of Addis Ababa has been studied both locally and globally, providing 

valuable insights into earthquake activity in the region. 

3.3.1. Ethiopian Building Code Standard, EBCS 8: 1995 

The Ethiopian Building Code Standard, EBCS 8: 1995, regulates building safety and 

integrity in Ethiopia. Enacted in 1995, it covers design, materials, and construction 

methods. Assuming the hazard within each zone is constant, the local hazard within the 

country has been divided into seismic zones. For application of this standard, the hazard 

was described in terms of a single parameter, i.e. the value of the effective peak ground 

acceleration in rock or firm soil, which was called “design ground acceleration”. The 

seismic hazard map of the country is presented in Figure 3-3. 

 

Figure 3-3: Seismic Hazard Map of Ethiopia 



Site specific Ground Response Analysis at South - Western part of Addis Ababa 

MSc Thesis  Page 18 
 

The code groups the country into four distinct seismic zones based on bedrock acceleration 

ratios as shown in Table 3-1. 

Table 3-1: Bedrock Acceleration Ratio, α_0 (EBCS-8, 1995) 

zone 4 3 2 1 

𝛼o 0.10 0.07 0.05 0.03 

 

Table 3-1 indicates that Addis Ababa's seismic hazard zone is 2, with a maximal ground 

acceleration of 0.05g (EBCS-8, 1995). And currently, the code is out of service and has 

been replaced by the Ethiopian Building Code Standard, ES EN 1998:2015. 

 

3.3.2. Ethiopian Building Code Standard, ES EN 1998:2015 

The Ethiopian Building Code Standard ES EN 1998:2015, provides seismic design 

guidelines in Ethiopia. Adopted in 2015, it ensures structural safety against earthquakes. 

The code has grouped the ground type in to 5 types relating to Vs, 30(m/s). The area will 

be considered ground type A if the Vs, 30 is >800 m/s, ground type B if it is 360 m/s–800 

m/s, ground type C if it is 180 m/s–360 m/s, ground type D <180 m/s, and ground type E 

if the soil profile consists of a surface alluvium layer with Vs, 30 values of type C and D and 

thickness varying between about 5m and 20m. 

 Depending on the local hazard the country has been subdivided into seismic zones. The 

seismic zone corresponds to a reference return period of 475 years (10% probability of 

exceedance in 50 years). The Seismic Hazard of Ethiopia earthquake database, which is 

processed from instrumentation records, is the source of the preliminary hazard map 

displayed in Figures 3-4. And in Table 3-2, Addis Ababa, having a PGA of 0.1 g, is 

allocated to zone 3. 

The code groups the country into five distinct seismic zones based on bedrock acceleration 

ratios as shown in Table 3-2. 

Table 3-2: Bedrock Acceleration Ratio, α_0 (ES EN 1998:2015) 

Zone 5 4 3 2 1 

𝛼o 0.2 0.15 0.1 0.07 0.04 
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Figure 3-4: Seismic Hazard Map of Ethiopia (ES-EN 1998, 2015) 

3.3.3. Global Seismic Hazard Assessment Program (GSHAP) 

The Global Seismic Hazard Assessment Program (GSHAP) is an international initiative 

launched in the early 1990s to evaluate seismic hazards globally. It aims to develop 

standardized methodologies for seismic hazard assessment. GSHAP estimates the 

likelihood of future earthquakes using a probabilistic method that takes into account 

geological features and previous seismicity. A global seismic hazard map defined in terms 

of PGA values, assuming a 10% risk of exceedance in 50 years (return period of 475 

years), was one of the initiative's primary deliverables, which was widely acknowledged 

(Giardini, Domenico , Grunthal Gottfried, n.d., 1999).  

These hazard maps inform decision making processes related to land use planning, 

building codes, and infrastructure development. Figure 3-5 shows the seismic hazard map 

from GSHAP for the region containing Ethiopia. 
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The PGA value for the city, extracted from the widely acknowledged GSHAP Seismic 

Hazard Map shown in Figure 3-5, stands at 0.11 g, serving as the basis for this study. 

 

Figure 3-5: Seismic hazard map of Ethiopia based on the GSHAP data  
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CHAPTER FOUR 

4. INPUT SOIL DATA AND METHODS 

Input soil data for dynamic analysis is essential for representing soil behavior under 

seismic conditions. Shear wave velocity (Vs) is a valuable indicator of the dynamic 

properties of a soil due to its inherent relationship with low strain level stiffness of the soil 

(Gmax). There are numerous field and laboratory tests available to characterizing the 

behavior of soils under stress and strain in ground response analysis (Gashaye, 2018). This 

study uses shear wave velocity and representative input soil data for two - dimensional 

ground response analysis. 

Two different methods have been used to ascertain the shear wave velocity profiles of the 

sites selected for this indicative study. These are correlations between standard penetration 

tests from geotechnical testing and multi-channel analysis of surface waves from 

geophysical tests. 

4.1. Data collection 

Geotechnical investigation reports and geophysical survey data are sources of crucial 

information required for the ground response studies. The geotechnical data comes from 

different consulting firms that have carried out geotechnical studies for various projects in 

South – Western part of Addis Ababa. And the author performs the geophysical tests in 

order to gather the necessary soil characteristics.  

4.1.1. Data from Geotechnical investigation reports 

For this study, geotechnical investigation reports are gathered from both governmental 

institutions and private companies, covering project sites spanning various sectors within 

the study area. Selection criteria are carefully applied, considering factors such as 

investigation depth, soil thickness above underlying rock formations, and suitability for 

seismic surveys. The chosen sites are characterized by investigation depths exceeding 30 

meters, ensuring sufficient data acquisition for comprehensive analysis. By incorporating 

reports from diverse sources and adhering to precise selection criteria, the study aims to 

obtain a holistic understanding of subsurface conditions and seismic response across the 

study area. This approach ensures that the resulting findings are robust and reflective of 

the geological variability present within the region. 



Site specific Ground Response Analysis at South - Western part of Addis Ababa 

MSc Thesis  Page 22 
 

The geotechnical report has been collected from ARCON Design Build PLC, Tracon 

Trading PLC, DMC real estate, AL EHWAN real estate, Limay real estate, SABA 

Engineering PLC, JDAW Consulting Architects & Engineers PLC, Ethiopian 

Construction Design and Supervision Works Corporation, JEROCCIA Geotechnical 

Services and Engineering PLC., BEST Consulting Engineers PLC, TURAB Geotechnical 

Engineering, and ADDIS GEOSYSTEMS PLC. 

The corrected Standard Penetration Test (SPT) values are used to correlate shear wave 

velocity (Vs) with the number of blows obtained during the test. This correlation allows 

for estimating Vs profiles in the subsurface based on SPT data, providing valuable 

information for seismic site characterization and geotechnical engineering analyses. 

(Bowles, 1996). Equipment from different manufacturers has a large variety of drilling 

rigs in current use. By adjusting SPT values to account for factors such as energy 

efficiency, rod friction, and hammer efficiency, the corrected SPT values improve the 

accuracy of Vs predictions and enhance the reliability of seismic hazard assessments. 

In accordance with the guidelines provided by ES EN 1998: 2015 regulation, SPT data are 

adjusted to a 60% reference energy ratio. Factors requiring correction include energy ratio, 

rod length, borehole diameter, and sample procedure (Getu, 2023).  

The following equation was proposed by (Martin & Lew, 1999) for the SPT-N values 

correction.  

𝑁60 = 𝑁𝑚 𝐶𝑁 𝐶𝐸 𝐶𝐵 𝐶𝑅 𝐶𝑆       (4.1) 

Where:  

𝑁60 = corrected SPT-N value 

𝑁𝑚 = measured standard penetration resistance 

 
𝐶𝑁 = overburden pressure correction factor 

 
𝐶𝐸 = hammer energy ratio (ER) correction factor 

 
𝐶𝐵 = borehole diameter correction factor 

 
𝐶𝑅 = rod length correction factor 

 
𝐶𝑆 = sampling method correction factor 
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Shear wave velocity is correlated using the corrected SPT-N measurements. Table 4-1 

provides suggested correlation equations by (Wair et al., 2012) for various soil types, clays 

and silts, sands, and gravels. 

The equations are typically written as follows: 

  𝑉𝑠 = 𝑎𝑁60
𝑏(𝜎𝑣

′) 𝑐             (4.2)  

Where;  

a, b and c are regression coefficients,  

N60 is corrected SPT value and σv
′  is effective overburden stress. 

Table 4-1: Recommended SPT–stress– Vs correlation equations after (Wair et al., 2012) 

 

Soil Type 

Shear Wave Velocity, 

𝑣𝑠 (m/s) 

All soils 30𝑁60
0.215(𝜎𝑣 

′)0.275 

Clays and Silts 26𝑁60
0.17(𝜎𝑣 

′)0.32 

Sands 30𝑁60
0.23(𝜎𝑣 

′)0.23 

Gravels-Holocene 53𝑁60
0.19(𝜎𝑣 

′)0.18 

Gravels-

Pleistocene 
115𝑁60

0.17(𝜎𝑣 
′)0.12 

 

In order to estimate the shear wave velocities, all adjustments and correlations are carefully 

applied to the SPT data of the chosen sites. The correlation equation used for this study is 

30𝑁60
0.215(𝜎𝑣 

′)0.275, since it governs all types of soil. Table 4-2, Table 4-3 and Table 4-4 

provide an overview of the shear wave velocity profiles that are computed for this study.  
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Table 4-2: Summary of raw and adjusted SPT data and shear wave velocity profiles of the sites 

Akaki Kality sub city 
Kirkos sub city Kolfe Keranyo sub city 

Depth 
(m) 

SPT-N  
values 

corrected  
 SPT-N 
values 

Vs  
(m/s) 

Depth 
(m) 

SPT-N 
values 

corrected  
SPT-N values 

Vs (m/s) Depth (m) 
SPT-N 
values 

corrected  
SPT-N 
values 

Vs (m/s) 

2 22 15 144 2 23 16 148 2 6 4 109 

4 22 17 178 4 27 21 190 4 6 5 134 

6 10 9 173 6 21 18 206 6 19 17 199 

8 9 8 183 8 17 15 210 8 21 18 220 

10 9 8 194 10 19 17 233 10 36 33 261 

12 9 8 207 12 25 23 262 12 45 41 293 

14 6 6 198 14 24 22 271 14 46 42 307 

16 9 8 226 16 39 36 314 16 42 39 314 

18 15 14 262 18 33 30 311 18 43 39 329 

20 11 10 249 20 37 34 330 20 48 44 342 

22 10 9 246 22 46 42 358 22 50 46 348 

24 23 21 307 24 50 46 373 24 50 46 362 

26 27 25 324 26 50 46 381 26 50 46 370 

28 36 33 347 28 50 46 389 28 50 46 372 

30 50 46 385 30 50 46 397 30 50 46 385 
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Table 4-3: Summary of raw and adjusted SPT data and shear wave velocity profiles of the sites 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Nifas silk lafto sub city - 1 Nifas silk lafto sub city - 2 Nifas silk lafto sub city - 3 

Depth 
(m) 

SPT-N  
values 

corrected  
 SPT-N 
values 

Vs  
(m/s) 

Depth 
(m) 

SPT-N  
values 

corrected  
 SPT-N 
values 

Vs  
(m/s) 

Depth 
(m) 

SPT-N  
values 

corrected  
 SPT-N 
values 

Vs  
(m/s) 

2 7 5 113 2 7 5 111 2 19 13 140 

4 10 8 151 4 7 5 140 4 18 14 172 

6 17 15 197 6 8 7 165 6 21 18 206 

8 24 21 230 8 9 8 186 8 23 20 228 

10 29 27 258 10 10 9 198 10 16 15 223 

12 34 31 280 12 10 9 212 12 27 25 262 

14 24 22 272 14 12 11 230 14 42 39 305 

16 41 38 316 16 11 10 234 16 42 39 317 

18 42 39 323 18 38 35 320 18 36 33 317 

20 45 41 339 20 15 14 266 20 43 39 334 

22 50 46 360 22 50 46 348 22 45 41 346 

24 50 46 368 24 50 46 362 24 48 44 359 

26 50 46 375 26 50 46 370 26 50 46 370 

28 50 46 383 28 50 46 372 28 50 46 378 

30 50 46 390 30 50 46 385 30 50 46 385 
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Table 4-4: Summary of raw and adjusted SPT data and shear wave velocity profiles of the sites 

Lideta sub city-1 Lideta sub city-2 

Depth 
(m) 

SPT-N  
values 

corrected  
 SPT-N values 

Vs  
(m/s) 

Depth 
(m) 

SPT-N  
values 

corrected  
 SPT-N values 

Vs  
(m/s) 

2 11 8 124 2 7 5 103 

4 13 10 161 4 17 13 158 

6 14 12 190 6 18 16 182 

8 9 8 184 8 17 15 192 

10 10 9 202 10 10 9 201 

12 10 9 215 12 10 9 209 

14 30 28 286 14 16 15 243 

16 30 28 296 16 19 17 265 

18 32 29 310 18 50 46 335 

20 32 29 313 20 42 39 337 

22 20 18 291 22 38 35 338 

24 23 21 308 24 50 46 363 

26 50 46 379 26 50 46 370 

28 50 46 387 28 50 46 378 

30 37 34 368 30 50 46 385 

32 37 34 375     

34 22 20 341     

36 25 23 357     

38 36 33 392     

40 37 34 400     
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4.1.2. Data from Geophysical investigation  

Geophysical investigations data is required to complement geotechnical data for a more 

comprehensive understanding of subsurface conditions. Geophysical methods can provide 

insights into soil and rock properties and potential geological hazards such as faults or 

voids. This information is valuable for site characterization, foundation design, and 

assessing the feasibility and risks of construction projects.  

For both passive surveys made from natural waves with depth results and active surveys 

provided by the author, multi-channel analysis of surface waves (MASW) has been 

performed. Combining the results of both tests offers a more comprehensive 

characterization of the area's subsurface conditions. This integrated approach ensures a 

more accurate assessment of the geological and geotechnical properties, enhancing the 

overall understanding of the site. 

4.1.2.1. Equipment used for the seismic survey 

The seismic survey equipment for Multi-Channel Analysis of Surface Waves (MASW) 

includes a hammer and strike plate for generating seismic waves, geophones deployed in 

arrays or along spread cables to detect ground motion, a seismograph for recording seismic 

waves, and a laptop for data acquisition and control. 

a. Hammer and strike plate 

In a seismic survey, the hammer is utilized to strike the strike plate firmly, generating a 

seismic wave that travels through the subsurface layers. This wave progresses downward 

until encountering an interface between different geological materials.  

The hammer and strike plate constitute integral elements of the seismic source, furnishing 

a controlled and replicable means of generating seismic waves. They are frequently 

employed alongside geophones to capture the arrival times of seismic waves, facilitating 

the determination of subsurface properties. The amount of energy that may be used is 

determined by skill, energy, and the state of the ground. More studies will require more 

effort to find a realistic representation of the site. Figure 4-1 shows hammer and strike 

plate respectively. 
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Figure 4-1: Hammer and strike plate 

 

b. Geophones and spread cables 

Geophones are sensors used in seismic surveys to detect ground vibrations caused by 

seismic waves. They typically consist of a coil of wire attached to a magnet, suspended in 

a magnetic field. When ground vibrations occur, the movement induces a current in the 

wire coil, which is then recorded by the seismograph. Spread cables are used to connect 

multiple geophones in an array, allowing for simultaneous recording of seismic data from 

different locations. This setup provides valuable information about the propagation of 

seismic waves through the subsurface and helps to create detailed images of the Earth's 

structure. 

Seismographs and geophones are connected via spread cables as indicated in Figure 4-3. 

Electrical takeout, or connection points, are dispersed along the length of a standard 

telephone wire. To connect the geophones to the geophone cables at certain takeout points, 

the geophone cable must be deployed with a takeout positioned at the geophone location. 

One takeaway cable can be used to link geophones to the seismograph. The 24 take-outs 

on the cable can accommodate a maximum of 24 geophones at once. To increase reception, 

geophones must be firmly buried in the ground. Figure 4-2 is one of the 24 geophones used 

for the seismic survey. 
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Figure 4-2: Geophone 

 

 

Figure 4-3: Geophone and spread cable 

c. Seismograph 

A seismograph is used to detect and record seismic waves from earthquakes and other 

ground motions. In the context of the Multichannel Analysis of Surface Waves 

(MASW), seismographs are crucial for capturing surface waves generated by passive 

and active seismic sources. Then the results are recorded on a computer. A geode, 

specific type of Seismograph is indicated in Figures 4–4. 
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Figure 4-4: Seismograph 

 

4.1.2.2. Data from Multi channel Analysis of surface waves (MASW) 

Data has been collected from four sites using multi-channel analysis of surface waves 

(MASW), both for active and passive surveys. The geophones, each with a natural 

frequency of 4.5 Hz, are positioned in various configurations across the test site to capture 

wave motion resulting from seismic activity. The geophones are arranged in a straight line 

for both active and passive surveys. And an L-shaped arrangement of geophones is 

employed for passive surveys. 

These geophones are tasked with recording wave motion over time following the 

generation of waves at designated shot points along the lineup. The waves are induced 

using an impact load delivered by a 10 kg hammer. Through these setups, the geophones 

provide valuable data regarding the propagation and characteristics of seismic waves, 

enabling researchers to analyze subsurface structures and properties with precision. 

The results from multi-channel analysis of surface waves (MASW) are extracted and 

inverted under the guidance and control of a crew of applied geophysicists and 

seismologists. The collected data are presented in Figure 4-5 and Figure 4-6. 
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(a) Akaki kality Sub city   (b) Kirkos Sub city 

Figure 4-5: Shear wave velocity profiles obtained from the combined dispersion curves: (a) 

Akaki kality sub city, and (b) Kirkos sub city 

 

  

(c) Nifas silk lafto sub city  (d) Lideta Sub city 

Figure 4-6: Shear wave velocity profiles obtained from the combined dispersion curves: (c) Nifas 

silk lafto sub city, and (d) Lideta Sub city  
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The locations of the sites for the SPT data in the South - Western part of Addis Ababa are 

presented in Figure 4-7. 

 

Figure 4-7: Locations of SPT data 

 

The locations of the sites for the Seismic survey in the South - Western part of Addis 

Ababa are presented in Figure 4-8. 

 

Figure 4-8: Locations of Seismic survey test 
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The Location of all the sites selected for the study are presented in Figure 4-9 and Table 

4-5. 

  

Figure 4-9: Location of all the sites selected for the study 

 

Table 4-5: Location of all the sites selected for the study 

  SPT-N data Seismic survey 

Sub city Easting Northing Easting Northing 

Akaki Kality 476535 989093 477030 977968 

Kirkos 471641 995736 474453 996043 

Kolfe Keranyo 467343 1000926   

Nifas silk Lafto-1 470988 989112 

467857 989120 
Nifas silk Lafto-2 470702 987042 

Nifas silk Lafto-3 471024 990105 

Lideta -1 471724 995473 
471820 995649 

Lideta-2 470831 993316 
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4.2. Site Response Analysis  

The one-dimensional approach to ground response analysis is helpful for flat or gently 

sloping sites with parallel material boundaries, as mentioned in Section 2.2.1. The study 

area contains various areas that are neither flat nor gently sloping.  

One-dimensional analysis has limitations that are resolved by two-dimensional analysis, 

which provides a more realistic representation of the area. Dealing with sloping or uneven 

ground surfaces, walls and tunnels, and heavy or stiff embedded structures requires two-

dimensional analysis (Kramer, 1996). And, three-dimensional analysis needs to be 

conducted for heavy structures with complex geometries and loading conditions. Since the 

site condition for this study varies moderately, it is sufficient to conduct two-dimensional 

ground response analysis.  As a result, two-dimensional ground response analysis is 

employed for this study.  

Two dimensional Ground Response Analysis 

Two-dimensional ground response analysis uses the finite-element method, which treats a 

continuum as an assemblage of discrete elements whose boundaries are defined by nodal 

points and assumes that the response of the continuum can be described by the response 

of the nodal points.  

The equations for the two dimensional ground response analysis are given by (Kramer, 

1996) . Using the strain-displacement and stress- strain relationships, an element stiffness 

matrix can be written as follows: 

        [Ke] = ∫  
1

−1
∫    [B]T [D] [B] | 𝐽 | 𝑑𝑠𝑑𝑡

1

−1
      (4.3) 

Where: 

[B] is strain- displacement matrix, 

[D] is stress-strain matrix 

| J | is the Jacobian  

The strain-displacement matrix [B], allows the strains to be determined from the nodal 

point displacements. 

           {ε}= [B] {q}         (4.4) 
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The stress-strain matrix, [D], relates stresses to strains: 

          {σ}= [D]{ε}             (4.5) 

And the Jacobian | J |,  

 | J |=∑  4
i=1 ∑ 𝑥𝑖

4
j=1 (

𝜕𝑁𝑖

𝜕𝑆

𝜕𝑁𝑗

𝜕𝑡
−

𝜕𝑁𝑖

𝜕𝑡

𝜕𝑁𝑗

𝜕𝑆
) 𝑦𝑗          (4.6) 

where:  

[N] is the shape function  

A consistent element mass matrix can be written, assuming constant density within the 

element, as:  

      [me] = 𝜌 ∫  
1

−1
∫    [N]T [N] | 𝐽 |

1

−1
 𝑑𝑠𝑑𝑡       (4.7) 

A consistent damping matrix can be obtained from: 

       [ce] = ∫  
1

−1
∫    [B]T [η] [B] | 𝐽 |

1

−1
 𝑑𝑠𝑑𝑡        (4.8) 

Where [η] is a matrix of damping terms 

Then the equation of motion for the element can be written as: 

     [me]{q̈ } + [ce]{ q̇} + [ke]{q} = {Q(t)}                     (4.9) 

The element force vector is given by: 

      {𝑄(𝑡)} = ∫  
1

−1
∫    [N]T {W}  | 𝐽 |

1

−1
 𝑑𝑠𝑑𝑡 + ∫ [N]T {𝑇}

𝑠
𝑑𝑠     (4.10) 

Where: 

{W} is the vector of prescribed body forces 

{T} is a vector of external tractions that may be applied to some surface, S. 

Once the equations of motion for each element are obtained, they are combined in a way 

that satisfies compatibility of displacements to obtain the global equations of motion.  

       [𝑀]{𝑢̈̈ } + [𝐶]{𝑢̇̈ } + [𝐾]{𝑢̈} = {R(t)}                   (4.11) 
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Where: 

[M] is the global mass matrix, 

[C] is the global damping matrix, 

 [K] is the global stiffness matrix, 

{u} is the global nodal point displacement vector, and 

{R(t)} is the global nodal point force vector. 

For the case of loading induced by base motion, the global equation of motion is  

    [𝑀]{𝑢̈̈ } + [𝐶]{𝑢̇̈ } + [𝐾]{𝑢̈} = −[𝑀]{1}𝑢̈̈b(t)                         (4.12) 

4.3.  Soil Geometry and Properties 

The soil parameters employed in this study under the Mohr- Coulomb method are stated 

under the following sections.  

4.3.1. Unit weight (γ) 

A soil's unit weight, which is defined as its weight per unit volume, is frequently used to 

characterize a soil's density. When designing a foundation and determining the study area's 

load bearing capacity, it is helpful to use typical unit weights of soil. The unit weight of 

soil can be directly measured in the field using a nuclear densitometer, rubber balloon, or 

sand cone test. (Wondie, 2020). For this study, unit weight is taken from laboratory tests 

conducted on the secondary data. 

4.3.2. Void ratio (e) 

Void ratio of a soil is the ratio of the volume of voids (spaces filled with air or water) to 

the volume of solid particles in a soil mass. This dimensionless metric affects a soil's 

strength, permeability, and compressibility depending on how loosely or densely it is 

packed. Laboratory tests on soil samples are used to determine it. For this study the void 

ratio is taken from secondary data. 
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4.3.3. Cohesion (c)  

Shear strength of the soil is influenced by its cohesiveness especially for clayey soils. 

Triaxial shear testing and unconfined compression testing are two common laboratory tests 

used to assess unconfined compressive strength. There are also correlations with shear 

strength as estimated from the field using vane shear tests (Wondie, 2020). For this study, 

the cohesion of the soil has already been determined from the secondary data collected 

from direct shear test and plastic index value. Correlation equation between cohesion and 

PI is given according to the equation determined by (Tchakalova & Ivanov, 2022). 

C= 8.476+(0.776*PI) 

 

Where: C is cohesion 

 PI is plastic index 

4.3.4. Friction angle (ф) 

The shear strength of soil caused by internal friction between particles is measured by the 

friction angle. The friction angle is influenced by the texture and composition of the soil; 

sandy and granular soils have higher values than clayey soils.  

It is typically determined through laboratory tests like the direct shear test or triaxial test 

and is crucial for analyzing soil stability and load bearing capacity. For this study friction 

angle is taken from laboratory tests conducted on the secondary data and Correlating SPT 

data. Correlation equation between friction angle and SPT is given according to the 

equation determined by (Bowles, 1996). 

ф = 28 + 0.15 N 

where: ф is friction angle 

 N is SPT data 

The unit weight, cohesion, friction angle, and void ratio of the soil used for this study under 

each study area are stated from tables 4-6 to 4-8. 
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Table 4-6: Soil geometry and properties 

Akaki Kality sub city Kirkos sub city  Kolfe Keranyo sub city 

depth 
unit 
weight C phi e depth 

unit 
weight C phi e depth 

unit 
weight C phi e 

2 19 18 25 0.69 2 18 29 23 0.64 2 17 25 30 0.60 

4 19 18 25 0.69 4 21 29 23 0.64 4 18 25 31 0.60 

6 19 37 30 0.69 6 18 31 25 0.65 6 18 22 32 0.59 

8 20 32 30 0.70 8 18 29 24 0.63 8 19 28 36 0.63 

10 20 25 30 0.70 10 17 39 33 0.70 10 17 29 37 0.64 

12 17 21 32 0.70 12 20 39 33 0.70 12 18 30 38 0.64 

14 17 40 31 0.70 14 20 32 32 0.65 14 18 26 36 0.61 

16 20 32 32 0.65 16 18 23 21 0.60 16 18 33 39 0.66 

18 20 40 33 0.70 18 18 23 21 0.60 18 19 30 39 0.64 

20 17 40 33 0.70 20 18 27 22 0.62 20 18 22 40 0.59 

22 17 33 32 0.66 22 18 27 22 0.62 22 17 23 40 0.60 

24 17 33 35 0.66 24 18 27 22 0.62 24 18 22 40 0.59 

26 18 28 37 0.63 26 17 36 38 0.68 26 18 22 40 0.59 

28 18 32 38 0.65 28 18 33 37 0.66 28 17 22 40 0.59 

30 18 32 39 0.65 30 18 33 37 0.66 30 18 22 40 0.59 
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Table 4-7: soil geometry and properties 

Nifas silk lafto sub city - 1 Nifas silk lafto sub city - 2 Nifas silk lafto sub city - 3 

depth 
unit 
weight C phi e depth 

unit 
weight C phi e depth 

unit 
weight C phi e 

2 18 20 25 0.66 2 17 24 23 0.60 2 18 22 28 0.59 

4 18 25 31 0.70 4 18 24 23 0.60 4 18 22 28 0.59 

6 19 24 25 0.60 6 18 22 21 0.59 6 19 22 28 0.59 

8 19 24 25 0.60 8 19 19 21 0.57 8 19 8 20 0.50 

10 19 24 25 0.60 10 17 20 20 0.58 10 18 8 20 0.50 

12 19 28 27 0.63 12 18 22 21 0.59 12 18 8 20 0.50 

14 19 28 27 0.63 14 18 16 20 0.55 14 19 8 20 0.50 

16 19 20 38 0.58 16 18 22 38 0.59 16 19 8 20 0.50 

18 18 28 38 0.63 18 19 18 38 0.56 18 19 8 20 0.50 

20 18 25 39 0.61 20 18 28 39 0.63 20 18 29 25 0.64 

22 19 24 39 0.60 22 17 29 39 0.64 22 18 29 38 0.63 

24 19 24 39 0.60 24 18 29 39 0.63 24 18 29 39 0.63 

26 19 26 39 0.61 26 18 28 39 0.63 26 18 29 39 0.63 

28 19 26 39 0.61 28 17 29 39 0.63 28 18 29 39 0.63 

30 19 26 39 0.61 30 18 29 39 0.63 30 18 29 39 0.63 
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Table 4-8: soil geometry and properties 

Lideta sub city - 1 Lideta sub city -2 

depth 
unit 
weight C phi e depth 

unit 
weight C phi e 

2 18 25 21 0.61 2 13 11 25 0.65 

4 18 23 21 0.59 4 14 11 27 0.58 

6 19 23 21 0.61 6 14 12 25 0.56 

8 18 23 23 0.61 8 13 12 26 0.56 

10 18 23 25 0.61 10 18 17 35 0.56 

12 19 23 25 0.61 12 17 18 33 0.63 

14 19 37 31 0.55 14 18 28 33 0.67 

16 19 37 31 0.55 16 18 34 33 0.67 

18 19 37 33 0.55 18 18 35 35 0.68 

20 18 43 33 0.69 20 19 36 34 0.63 

22 18 43 32 0.69 22 19 28 35 0.61 

24 18 43 32 0.69 24 18 26 38 0.61 

26 20 43 36 0.58 26 18 26 38 0.61 

28 20 37 36 0.58 28 18 26 38 0.61 

30 19 37 34 0.63 30 18 26 38 0.61 

32 19 46 34 0.63           

34 19 50 31 0.63           

36 20 50 31 0.61           

38 19 50 33 0.61           

40 19 50 35 0.61           
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4.4. Boundary condition 

In finite element analysis, boundary conditions have a significant role since they specify 

how the model interacts with its environment, guaranteeing that the simulation accurately 

represents the study area. And for many dynamic response problems, rigid or near rigid 

boundaries, such as bedrock, are located at considerable distances from the region of 

interest. This study also considers a representative boundary condition representing the 

study area. 

In the dynamic analysis conducted using PLAXIS 2D, a combination of tied degrees of 

freedom and a compliant base was employed to simulate the realistic response of the soil 

under dynamic loading conditions. Tied degrees of freedom are utilized in the x-direction 

for xmin and xmax to connect adjacent soil elements and ensure compatibility of 

displacements, allowing for the accurate representation of soil behavior and interaction 

between soil layers.  

Compliant base was implemented to simulate the influence of the underlying soil strata 

and boundary conditions on the dynamic response of the system. For the ymin, compliant 

base boundary requirements are taken into account. For earthquake analysis, where the 

dynamic input is applied at the bottom of the model, this boundary condition is 

recommended (Edition & Manual, 2021). ymax is located at the ground surface, where it 

remains unconfined. There are no boundaries restricting it at this level. Consequently, the 

boundary condition is considered to be none. 

Incorporating these boundary conditions into the analysis enhances the assessment of 

seismic performance. Ultimately, this improves the overall understanding and resilience 

of a site during seismic events. 

4.5. Mesh 

In order to provide a thorough examination of the stress, strain, or displacement across the 

soil mass, mesh divides a complex shape into smaller, more manageable components. The 

accuracy and effectiveness of the simulation are directly impacted by the mesh's quality.  

Selecting the appropriate element size for the finite elements is crucial for effectively 

capturing wave motion in seismic analysis, hence elements sizes are chosen with great 
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care. The shortest wave length of the element is computed using shear wave velocity and 

excitation frequency of the soil. The excitation frequency used for this study is according 

to (Ayele, 2021), which is 45 m/s. 

λs =
Vs

f
 

Where: 𝑉𝑠, is the shear wave velocity  

 f, is excitation frequency 

 𝜆𝑠, is the shortest wavelength 

To attain the necessary accuracy, the maximum element size for soil was kept at a value 

smaller than one-fifth to one-eighth of the shortest wavelength (𝜆𝑠)(Ayele, 2021). The 

average element size used for this study is summarized in Table 4-9.  

Table 4-9: Average element size 

 Title Vs λs hmax hmin havg 

1 Akaki Kality secondary (S) 144 3.2 0.64 0.4 0.52 

2 Akaki Kality Primary (P) 138 3.06 0.6 0.38 0.5 

3 Kirkos S. 146 3.24 0.65 0.41 0.53 

4 Kirkos P. 201 4.46 0.89 0.56 0.73 

5 Kolfe Keranyo S. 109 2.42 0.48 0.3 0.4 

6 Nifas silk lafto S-1 113 2.51 0.5 0.31 0.41 

7 Nifas silk lafto S-2  111 2.47 0.49 0.31 0.4 

8 Nifas silk lafto S-3 140 3.11 0.62 0.38 0.5 

9 Nifas silk lafto P. 147 3.27 0.65 0.41 0.53 

10 Lideta S-1 124 2.76 0.55 0.34 0.45 

11 Lideta S-2 143 3.18 0.64 0.39 0.52 

12 Lideta P. 170 3.78 0.76 0.47 0.62 

 

The mesh size is selected by averaging one-fifth and one-eighth of the shortest wavelength 

at each site. This ensures that wave behavior is accurately captured while maintaining 

computational efficiency in the analysis. 
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CHAPTER FIVE 

5. Input Ground Motions 

5.1. Introduction 

Ground response analysis is not only determined by geotechnical and geophysical results 

but it needs to have a representative input ground motions. These motions, typically 

obtained from historical earthquake records or simulated scenarios, offer essential insights 

into the behavior of the ground during seismic events. Studies recommend using motions 

recorded at other sites under comparable circumstances to those of the site of interest in 

the absence of representative ground motions using appropriate filtering mechanisms 

(Kramer, 1996).  

A comprehensive ground motion database that has been collecting, processing, and 

archiving ground motion data for more than 20 years is the Pacific Earthquake Engineering 

Research (PEER) database (Kramer, 1996). A variety of appropriate ground motions are 

selected for this study based on filtering conditions from this data base.  

5.2. Input Motions from PEER Ground Motion Database 

Using a responsive web tool, it is possible to choose sets of strong ground motion 

acceleration time series that are typical of design ground motions using the PEER Ground 

Motion Database (PEER, 2010). It is crucial to apply appropriate filtering criteria for 

choosing relevant input motion time histories from a pool of available data for ground 

response investigations since Ethiopia lacks strong ground motion records. 

When filtering an input ground motions, some factors to take into account are the 

magnitude of an earthquake, the geology of the seismic waves' travel path from the source 

to the site, the site's distance from the causative fault, the fault mechanism, and the local 

soil conditions at the site (Kramer, 1996).  

The appropriate filtering criteria are comprehensively outlined, providing clear guidelines 

for selecting ground motion data that meet these study needs. 
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5.2.1. Tectonic Regime 

Selecting an appropriate tectonic regime is a fundamental criterion for screening out 

representative input motions. The process involves choosing records from the same 

tectonic regime as the area of interest, as employed in this study. Shallow crustal 

earthquakes are the type of earthquakes that are representative of the Middle Ethiopian 

Rift (Kebede & Van Eck, 1997). An extensive collection of ground movements from 

shallow crustal earthquakes in active tectonic regimes around the world are documented 

in the Next Generation Attenuation (NGA) West 2 ground motion database. Thus, it's 

determined that this database is suitable for choosing the ground motion in this study.  

5.2.2. Definition of Target Spectrum 

The response spectrum is also considered in this study to filter a representative input 

ground motion. ES EN 1998:2015 gives two distinct kinds of reaction spectrum based on 

the features of the largest earthquake that increased the local threat. When the surface wave 

magnitude, Ms, of the earthquakes that most significantly contribute to the probabilistic 

seismic hazard assessment for the site is larger than 5.5, Type 1 reaction spectra are 

employed; Type 2 response spectra are used when Ms is not greater than 5.5. 

There are several intermediate sized (5.5 < 6.5) earthquakes that are characteristic of the 

seismic activity of the Red Sea, the Ethiopian rift system, and the Gulf of Aden (Kebede 

& Van Eck, 1997). Since Ethiopia rift system has Ms larger than 5.5 this study uses Type 

1 reaction spectra for the ground motion selection.  

According to the ES EN 1998:2015, the elastic response spectrum Se(T) is defined by the 

following expressions for 5% damping:  

0 ≤ 𝑇 ≤ 𝑇𝐵:    Se(T)=ag. S. [1+
T

𝑇𝐵
.( 𝜂.2.5-1)] 

𝑇𝐵 ≤ 𝑇 ≤ 𝑇𝐶:    Se (T)=ag. S. 𝜂.2.5 

𝑇𝐶 ≤ 𝑇 ≤ 𝑇D:    Se (T)= ag. S. 𝜂.2.5[
TC

𝑇
] 

𝑇D ≤ 𝑇 ≤ 4s:    Se (T)=ag. S. 𝜂.2.5[
TCTD

T2
] 
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Where: 

Se (T) is the elastic response spectrum 

𝑇 is the vibration period of a linear single-degree-of-freedom system; 

𝑎𝐠 is the design ground acceleration; 

𝑇𝐵 is the lower limit of the period of the constant spectral acceleration branch; 

𝑇C is the upper limit of the period of the constant spectral acceleration branch; 

𝑇D is the value defining the beginning of the constant displacement response 

range of the spectrum; 

𝑆 is the soil factor and 

𝜂 is the damping correction factor with a reference value of η = 1 for 5% viscous 

damping 

The user defined response spectrum is developed using the peak ground acceleration of 

0.11 g for a 475-year return period (10% likelihood of being exceeded in 50 years), as 

retrieved from GSHAP. The target spectrum is created for ground Type A because rock 

conditions are frequently used to represent reference site conditions.  

For the type A ground condition, the parameters used for the response spectrum are chosen 

as indicated in Figure 5-1 and Table 5-1. 

 

 

Figure 5-1:Recommended Type 1 elastic response spectrum for Type A ground condition (ES 

EN 1998:2015) 

 

 



Site specific Ground Response Analysis at South - Western part of Addis Ababa 

MSc Thesis  Page 46 
 

Table 5-1: Values of the parameters describing the recommended Type 1 elastic response 

spectrum (ES EN 1998:2015). 

Ground type 𝑆 𝑇𝐵 (𝑆) 𝑇𝐶 (S) 𝑇𝐷 (𝑆) 

A 1.0 0.05 0.25 1.2 

B 1.35 0.05 0.25 1.2 

C 1.5 0.10 0.25 1.2 

D 1.8 0.10 0.30 1.2 

E 1.6 0.05 0.25 1.2 

 

5.2.3. Moment magnitude Range 

The moment magnitude range is also selection criteria to select appropriate input ground 

motion for the seismic analysis. It represents the magnitude of an earthquake event and 

provides valuable information about the level of ground shaking. Various major zones of 

seismicity and crustal deformation contributing to seismic hazard exist in Ethiopia and the 

neighboring countries. Eight seismic source zones can be used to identify the region as the 

primary source of destructive earthquakes. The observed seismicity and currently 

understood tectonic properties of each seismic source zone define the seismic hazard of a 

site (Kebede & Van Eck, 1997). 

According to Kebede & Van Eck, 1997, Zone 2 refers to the main Ethiopian rift and the 

southernmost rifts in Ethiopia. Since this magnitude reflects zone 2, this analysis adopts 

the upper bound magnitude Mmax of 7.0 and the lower bound magnitude Mo of 4.0 for the 

seismic source zone. The PEER database system's ground motion filtering rules have been 

directly applied to this magnitude range. 

5.2.4. Duration of Strong Motion 

The duration of the ground motion, or more precisely, the length of the signal's strong 

portion, must be measured in order to fully characterize the motion (Salmon & Short, 

1992). The duration of strong motion provides valuable information about the temporal 

characteristics of ground shaking during earthquakes, which is essential for assessing 

structural response and potential damage.  

From the moment seismic waves arrive until surrounding waves are restored, a significant 

portion of the ground motion duration occurs at relatively low shaking levels (Salmon & 

Short, 1992). 
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Figure 5-2: Comparison of empirical predictive models for significant duration (Bommer et al., 

2009) 

Bommer et al., 2009 conducted a brief review of prior studies and, using data from the 

NGA database, produced a new empirical predictive equation for the significant duration. 

This relation is used to estimate the duration of shallow crustal earthquakes up to 100 km 

from the source. Based on this relationship, a shallow crustal earthquake with a minimum 

magnitude (Mw) of 4 and a maximum magnitude (Mw) of 7 for the seismic source zone 

is estimated to have a relevant time frame of 17 seconds. 

5.2.5. Shear-wave velocity of uppermost 30 meters (VS, 30)  

The shear-wave velocity of the uppermost 30 meters (VS, 30) is a crucial parameter used in 

selecting appropriate input ground motion for seismic analysis. It provides valuable 

information about the stiffness and mechanical properties of the near surface soil layers, 

which significantly influence the propagation and amplification of seismic waves. 

According to ES EN 1998:2015, the reference site condition is represented by rock 

conditions, ground type A, which has a range of shear wave velocities of 800-1500 m/s. 

This range is applied as a filtering criterion in the process of input motion selection. 
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5.2.6. Time Series Scaling 

Time series scaling also used to screen the input ground motions by adjusting recorded 

ground motion time series to match a target response spectrum or ground motion 

parameters, making it a valuable tool for selecting appropriate input ground motion in 

seismic analysis.  

Two approaches for the coupled tasks of ground motion selection and scaling are 

considered to be suitable for GRA applications. The first is to match the target spectrum 

across a certain period range with the spectral ordinates of ground motions. The target 

spectrum corresponds to the time interval of the buildings that are expected to experience 

ground motion. The second method considers ground movements according to their 

spectral shape and scales them so that their pseudo spectral acceleration (PSA) coincides 

with the required spectrum at a specific period (Stewart, 2014). When a response analysis 

of a certain structure over a predetermined time frame is required, this method should be 

applied. 

The elastic first mode period (T) of a structure is used to determine the period range, which 

is 0.2T-2.0T. Similar ranges dependent on the duration of the structural system under 

investigation in the overall ground motion analysis will typically be significant in ground 

response applications (Stewart, 2014). So that this study considered 0.2T-2.0T for time 

series scaling.  

According to ES EN 1998:2015, the fundamental periods of vibration T1 of buildings 

whose response is not significantly affected by higher modes of vibration is given by: 

𝑇1 = {
4𝑇𝑐  
2.0𝑠

 

Where: 

Tc is the upper limit of the period of the constant spectral acceleration branch  

Tc equals 0.4 seconds for Type 1 response spectrum of ground type A. Hence; 

𝑇1 = {
1.6𝑠  
2.0𝑠

 

The fundamental period, 𝑇1, is computed to be 1.6 s and applying the range from 0.2T-

2.0T, a period ranges of 0.32 - 3.2 is taken as a filtering criterion to select the input 

ground motions. 
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5.2.7. Collected input motions 

As per the criteria explained in this study, five particular ground motions have been 

selected from the PEER ground motion database for further analysis. The motions are 

stated in Table 5-2. 

Table 5-2: Selected ground motions from PEER ground motion database 

5-95% 

Duration 

(sec) 

 

Earthquake Name 

 

Year 

 

Station 

Name 
 Magnitude 

Vs30 

(m/sec) 

 

13.3 

 

Chi-Chi_ Taiwan-02 

 

1999 

 

ILA001 

 

5.9 

 

909.09 

 

16.7 

 

Niigata Japan 

 

2004 

 

FKSH07 

 

6.63 

 

828.95 

 

11.4 

 

Northridge-06 

 

1994 

 

LA - Griffith Park 

Observatory 

 

5.28 

 

1015.88 

 

10.4 

 

San Fernando 

 

1971 

 

Cedar Springs_ Allen 

Ranch 

 

6.61 

 

813.48 

 

9.2 

 

Whittier Narrows-

01 

 

1987 

 

Vasquez Rocks Park 

 

5.99 

 

996.43 

The acceleration time history plot of each of the five selected ground motions for unscaled 

and scaled to 0.11g motion is given in Figure 5-3 to Figure 5-12. 

 

Figure 5-3: Chi chi Taiwan (Unscaled) 
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Figure 5-4: Chi chi Taiwan (Scaled to 0.11g) 

 

 

Figure 5-5: Niigata Japan (Unscaled) 

 

 

Figure 5-6: Niigata Japan (Scaled to 0.11g) 
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Figure 5-7: Northridge-06 (Unscaled) 

 

 

Figure 5-8: Northridge-06 (Scaled to 0.11g) 

 

 

Figure 5-9: San fernando (Unscaled) 
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Figure 5-10: San fernando (Scaled to 0.11g) 

 

 

Figure 5-11: Whittier (Unscaled) 

 

 

Figure 5-12: Whittier (Scaled to 0.11g) 
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CHAPTER SIX 

6. Analysis and Discussion 

After collecting crucial input parameters and input motions, the analysis is conducted 

using finite element software. Options include FLAC 3D, PLAXIS 2D, PLAXIS 3D, and 

ABAQUS. For this study, PLAXIS 2D is selected due to its suitability for two-dimensional 

analysis. This choice ensures accurate and reliable results particularly effective for the 

study's specific requirements. 

The soil model employed in the analysis was the Mohr-Coulomb model, which is 

commonly used to simulate the nonlinear behavior of soils under dynamic loading 

conditions. Through the analysis, peak ground acceleration (PGA) and response spectra 

are generated, providing crucial insights into the soil's response to seismic excitation. 

Depending on the PGA results obtained, the micro zonation map of the study area is also 

produced. 

6.1. Analysis summary 

6.1.1. Peak Ground Acceleration (PGA) results  

The Peak Ground Acceleration (PGA) distribution at the site’s surface over time is 

analyzed using data from Standard Penetration Test (SPT) and Multi-Channel Analysis of 

Surface Waves (MASW). In all sites, it is observed that the given input earthquake ground 

motion, which is scaled to 0.11g, is amplified near the ground surface. This amplification 

results in surface PGA values varying between 0.14g to 0.29g. The analysis shows an 

increase in PGA values from the initial ground motion input to the surface. The variation 

in ground surface PGA indicates the influence of local soil conditions on seismic wave 

amplification.  

For the SPT and MASW tests, the PGA analysis is conducted using five different input 

motions, as selected in Section 5.2. Each motion's PGA distribution over time is derived 

from geotechnical and geophysical data. The results of all five motions for each SPT and 

seismic survey data are comprehensively presented in Appendix A. This approach ensures 

a detailed analysis of the PGA variations. 
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 PGA results based on SPT data 

The geotechnical data reveals that the peak ground acceleration (PGA) distribution over 

time for five different motions shows amplification near the ground surface. Specifically, 

the absolute PGA value is 0.28g for the Whittier motion analyzed at Kolfe keranyo sub 

city. The lowest PGA value recorded is 0.17 g for the Northridge-06 motion, observed at 

Akaki kality sub city. These variations in PGA values highlight the dependence on the 

input motion considered. The data underscores the variability and amplification of seismic 

motions as they approach the ground surface, emphasizing the critical nature of site-

specific analysis in understanding seismic impacts. 

Precise seismic risk assessment requires detailed geotechnical evaluations because 

different motions and sites produce different PGA values. Figures 6-1 to 6-5 display the 

mean PGA values, which are obtained by averaging the PGA results of the five earthquake 

input motions for the site. Appendix A contains the full PGA distribution. The relevant 

values are shown in Table 6-1. 

 

(a) 

Figure 6-1: Mean PGA chart obtained from SPT data: (a) Akaki kality: 
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(b) 

 

 

(c) 

Figure 6-2:Mean PGA chart obtained from SPT data: (b) Kirkos  and (c) Kolfe keranyo 
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 (d) 

 

 

 

(e) 

Figure 6-3: Mean PGA chart obtained from SPT data: (d) Lafto-1 and (e) Lafto-2 
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(f) 

 

 

(g) 

Figure 6-4: Mean PGA chart obtained from SPT data: (f) Lafto-3 and (g) Lideta-1 
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(h) 

Figure 6-5: Mean PGA chart obtained from SPT data: (h) Lideta-2 

 

PGA results based on seismic survey data 

Each seismic survey dataset indicates that input motions are amplified near the surface, 
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for the Chi- Chi Taiwan earthquake ground motion at the Lideta sub city, while the lowest 

is 0.14g for the Whittier earthquake ground motion observed at the Kirkos sub city. These 
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The maximum PGA records obtained in most cases where soft soil is at shallower depth 

and the lower PGA records obtained where the soil is stiff. The maximum amplification 

potential is reached between 5 and 10 seconds in most analyses, as this timeframe aligns 

closely with the motion's predominant period. This underscores the critical influence of 

timing on seismic response. 

Table 6-1 displays the summary of mean PGA values, obtained by averaging the PGA 

results of the five earthquake input motions for the site, while Figures 6-6 to 6-7 illustrate 

0.000

0.050

0.100

0.150

0.200

0.250

0.300

0 5 10 15 20 25

P
G

A
 (

g)

Time (s)

LIDETA-2

Mean PGA



Site specific Ground Response Analysis at South - Western part of Addis Ababa 

MSc Thesis  Page 59 
 

the corresponding mean PGA charts. The complete PGA distribution is accessible in 

Appendix A. 

 

 

 (a) 

 

 

 

(b) 

Figure 6-6: Mean PGA chart obtained from Seismic survey data: (a) Akaki kality, and (b) Kirkos 
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 (c) 

 

(d) 

Figure 6-7: Mean PGA chart obtained from Seismic survey data: (c) Lafto, and (d) Lideta 
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Table 6-1: Mean PGA values obtained from SPT data and Seismic survey 

 PGA  

Sub city SPT data Seismic survey 

Akaki Kality  0.18 0.2 

Kirkos 0.19 0.17 

Kolfe keranyo 0.26  

Nifas silk lafto-1 0.26  

0.24 
Nifas silk lafto-2 0.26 

Nifas silk lafto-3 0.22 

Lideta-1 0.23 0.23 

Lideta-2 0.26 

Seismic survey data for Akaki kality, Kirkos, Lafto, and Lideta sites reveals PGA values 

closely resembling those obtained from SPT data, as depicted in Table 6-1. This combined 

approach enhances the characterization of these sites, offering more realistic data. 

Conversely, Kolfe keranyo site is characterized solely using SPT data. This diverse 

methodology is invaluable for site characterization based on available data sources.  

The PGA results obtained from both SPT and seismic surveys amplify the input earthquake 

ground motion. A comparison of these PGA results with the input motion is provided in 

Appendix A.  

From the latest previous work, which was conducted by Getu (2023), three of the study 

areas used are in the selected sub cities of this study, which are Mexico, Jemo, and Genet 

Hotel area. The PGA results from the previous study for non-linear analysis and the 

average PGA results of this study show 0.01 g to 0.07 g differences for both geotechnical 

and geophysical studies, which are factored due to the soil properties considered and 

analysis method used. The previous study uses one-dimensional ground response analysis, 

whereas this study uses two-dimensional ground response analysis. The PGA results are 

under estimated on the previous study as it is stated on the Table 6-2.  

Table 6-2: Comparison of PGA results of previous study with this study 

Sub city 

(Getu, 2023) This study 

PGA results PGA results 

Geotechnical  Geophysical Geotechnical  Geophysical 

Lideta sub city (Mexico) 0.23   0.25 0.23 

Lafto subcity (Jemo) 0.21 0.24 0.26 0.24 

Kirkos Sub city (Genet Hotel) 0.18   0.19 0.17 
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6.1.2. Response spectra 

With 5% structural damping, response spectra are used to determine attenuation or 

amplification. It is found that the mean response spectra vary between 0.3g and 1.37g, and 

that all of the study sites increase the input motions provided during periods between 0.05 

seconds and 0.5 seconds.  

Significant amplification and similar patterns are observed in nearly all curves, and the 

input ground motions are heavily influenced by the selected sites. Both one-dimensional 

and two-dimensional analyses generally indicate substantial amplifications, with a mean 

PSA of up to 0.7g. 

Comparison of response spectra derived from one- and two-dimensional analyses reveals 

noticeable variation in representing the required response spectra. One-dimensional 

analysis tends to overestimate site response spectra due to its focus solely on spectral 

acceleration along one axis, limiting its ability to accurately represent the site's response. 

In reality, acceleration dissipates in all directions, which is inadequately captured by the 

one-dimensional approach. This variance highlights the importance of employing 

comprehensive, multi-dimensional analyses for more accurate characterization of site 

response and seismic behavior. 

For the SPT data and MASW tests, response spectra are performed for five different input 

motions for both one- and two-dimensional analyses. Based on geotechnical and 

geophysical data, Appendix B shows the spectral distribution over period for each of the 

five motions. 

Response spectra based on SPT data 

In the one-dimensional analysis, the absolute response spectra at the Lafto sub city site-1 

for the Whittier earthquake ground motion is recorded at 1.23g. Conversely, the lowest 

absolute response spectra are observed at Lafto sub city site -3 and Kirkos sub city, where 

both measures 0.5g for the San fernando earthquake ground motion. This highlights the 

variability in response spectra between different sites and earthquake events.  

For the Whittier earthquake at Lideta sub city site-2, two-dimensional analysis obtained 

an absolute response spectrum of 0.67g. Meanwhile, Kirkos sub city recorded the lowest 

absolute response spectrum, measuring 0.36g for the San fernando earthquake ground 
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motion. Table 6-2 summarizes the mean response spectra obtained by averaging the PSA 

results of the five earthquake input motions for the site at the ground surface, while Figures 

6-8 to 6-15 illustrate the corresponding mean response spectra charts for both one- and 

two-dimensional response spectra. The response spectra for each input ground motion is 

stated in Appendix B. 

 One dimensional response spectra 

 

(a) 

 

 (b) 

Figure 6-8: Mean one dimensional response spectra obtained from SPT data: (a) Akaki kality, 

and (b) Kirkos 
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(c) 

 

 

 (d) 

Figure 6-9: Mean one dimensional response spectra obtained from SPT data: (c) Kolfe keranyo, 

and (d) Lafto-1 
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(e) 

 

 

(f) 

Figure 6-10: Mean one dimensional response spectra obtained from SPT data: (e) Lafto-2, and (f) 

Lafto-3 

0.000

0.100

0.200

0.300

0.400

0.500

0.600

0.700

0.800

0.900

0 1 2 3 4 5 6 7 8 9 10

P
SA

 (
g)

Period (s)

LAFTO-2

Mean PSA

0.000

0.100

0.200

0.300

0.400

0.500

0.600

0.700

0 1 2 3 4 5 6 7 8 9 10

P
SA

 (
g)

Period (s)

LAFTO-3

Mean PSA



Site specific Ground Response Analysis at South - Western part of Addis Ababa 

MSc Thesis  Page 66 
 

 

(g) 

 

 

 (h) 

Figure 6-11: Mean one dimensional response spectra obtained from SPT data: (g) Lideta-1, and 

(h) Lideta-2 
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 Two dimensional response spectra 

 

(a) 

 

 

 (b) 

Figure 6-12: Mean two dimensional response spectra obtained from SPT data: (a) Akaki kality, 

and (b) Kirkos 
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(c) 

 

 

 (d) 

Figure 6-13: Mean two dimensional response spectra obtained from SPT data: (c) Kolfe keranyo, 

and (d) Lafto-1 
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(e) 

 

 

 (f) 

Figure 6-14: Mean two dimensional response spectra obtained from SPT data: (e) Lafto-2, and (f) 

Lafto-3 
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(g) 

 

 

 (h) 

Figure 6-15: Mean two dimensional response spectra obtained from SPT data: (g) Lideta-1, and 

(h) Lideta-2 
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Response spectra based on seismic survey data 

One-dimensional analysis finds that the absolute response spectrum for the ground motion 

of the chi-chi Taiwan earthquake in Lideta sub city is 1.37g. Conversely, the Kirkos sub 

city’s ground motion recorded during the Niigata Japan earthquake yields the lowest 

absolute response spectrum, at 0.52g.  

Two-dimensional analysis found an absolute response spectrum of 0.76g for the ground 

motion at Lideta sub city that corresponded to the ground motion caused by the chi-chi 

Taiwan earthquake. Meanwhile, ground motions associated with the Whittier earthquake 

showed 0.3g of the lowest absolute response spectra at the Kirkos sub city.  

The mean response spectra obtained by averaging the PSA results of the five earthquake 

input motions for the site at the ground surface are summarized in Table 6-2, and the 

corresponding mean response spectra charts for one and two dimensional response spectra 

are shown in Figures 6-16 to Figure 6-21. Appendix B contains the response spectra in 

detail. 

 One dimensional response spectra 

 

 (a) 

Figure 6-16: Mean one dimensional response spectra obtained from Seismic survey: (a) Akaki 

Kality 
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(b) 

 

 

 (c) 

Figure 6-17: Mean one dimensional response spectra obtained from Seismic survey: (b) Kirkos, 

and (c) Lafto 
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 (d) 

Figure 6-18: Mean one dimensional response spectra obtained from Seismic survey: (d) Lideta 

 

 Two dimensional response spectra 

 

 (a) 

Figure 6-19: Mean two dimensional response spectra obtained from Seismic survey: (a) Akaki 

kality 
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(b) 

 

 (c) 

Figure 6-20: Mean two dimensional response spectra obtained from Seismic survey: (b) Kirkos, 

and (c) Lafto 
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 (d) 

Figure 6-21: Mean two dimensional response spectra obtained from Seismic survey: (d) Lideta 

As Table 6-2 indicates, the mean response spectra for seismic surveys and SPT data exhibit 

values that are nearly similar for both one- and two-dimensional analysis. 

Table 6-2: Mean maximum response spectra obtained from SPT data and Seismic survey 

 
One dimensional response 

spectra 

Two dimensional response 

spectra 

Sub city SPT data Seismic survey SPT data Seismic survey 

Akaki Kality  0.68 0.72 0.38 0.46 

Kirkos 0.57 0.64 0.4 0.39 

Kolfe keranyo 0.86  0.55  

Nifas silk lafto-1 0.85 

0.74 

0.55 

0.48 Nifas silk lafto-2 0.82 0.52 

Nifas silk lafto-3 0.64 0.44 

Lideta-1 0.69 
0.8 

0.46 
0.57 

Lideta-2 0.81 0.53 

 

Two-dimensional response spectra show less spectral acceleration than one-dimensional 

response spectra for each site and input ground motion. One-dimensional response spectra 

have an absolute value of 0.86g for SPT data and 0.8g for seismic survey data, whereas 

two-dimensional analysis has an absolute spectral acceleration of 0.55g for SPT data and 

0.57g for seismic survey data. 
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The response spectra result from the previous study conducted by Getu (2023), for non-

linear analysis and the average response spectra two dimensional results of this study show 

0.04 g to 0.3 g differences for both geotechnical and geophysical studies, which are 

factored due to the difference of soil properties considered, the input ground motion and 

analysis method used. The previous study uses one-dimensional ground response analysis, 

whereas this study uses two-dimensional ground response analysis. The response spectra 

results are over estimated on the previous study as it is stated on the table 6-2. 

Table 6-2: Comparison of PSA results of previous study with this study 

Sub city 

Getu This study 

Response spectra  Response spectra  

Geotechnical  Geophysical Geotechnical  Geophysical 

Lideta sub city (Mexico) 0.79   0.5 0.57 

Lafto subcity (Jemo) 0.54 0.51 0.5 0.48 

Kirkos Sub city (Genet Hotel) 0.7   0.4 0.39 

 

6.2. Comparison of Mean response spectra with code spectra 

For both geotechnical and geophysical data, average shear wave velocity for the upper 30 

meters (Vs, 30) was determined. For geotechnical data, Vs, 30 ranged from 290 m/s to 358 

m/s. And geophysical data, Vs, 30 ranged from 299 m/s to 337 m/s. According to ES EN 

2018:2015, these values fall under site class C. However, for NEHRP provisions, they fall 

under site class D. Therefore, the mean response spectra for one- and two-dimensional 

analyses are compared with the standards set by these two codes.  

The comparison of mean response spectra with code spectra, shown in Figures 6-22 to 6-

28, reveals that the one-dimensional response spectra overestimated the spectral 

acceleration. This overestimation is more than double the ES EN 1998:2015 standards and 

nearly double the NEHRP provisions.  

The two-dimensional mean response spectra are relatively close to the code spectra for 

both ES EN 1998:2015 and NEHRP provisions. However, the local code still fails to 

accurately represent these sites.  In most cases, the NEHRP provisions fit the study area 

better, while the ES EN 1998:2015 standards do not adequately represent these study sites. 

 



Site specific Ground Response Analysis at South - Western part of Addis Ababa 

MSc Thesis  Page 77 
 

Response spectra from SPT data 

Comparing mean one- and two-dimensional response spectra with code spectra reveals 

significant spectral accelerations. In one-dimensional analysis, accelerations between 0.5g 

and 1.23g occur from 0.05 seconds to 0.5 seconds. Similarly, two-dimensional analysis 

shows accelerations ranging from 0.36g to 0.67g within the same timeframe. Notably, the 

response spectra in this study align closely with NEHRP provisions but underestimated by 

ES EN 1998:2015. 

Between the time periods of 0.05 and 0.5 second, local code spectra tend to underestimate 

the spectral acceleration in most cases. However, between 0.5 second and 1.5 seconds, 

both code spectra overestimate the spectral acceleration in most cases. This discrepancy 

suggests a need for further examination and adjustment in code provisions to ensure more 

accurate estimations across various time intervals. Figures 6-22 to 6-26 indicate the 

comparison between the mean response spectra from SPT data and the code spectra. 

 

 (a) 

Figure 6-22: Comparison of mean response spectra from SPT data with code spectra: (a) Akaki 

kality 
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(b)  

 

 (c) 

Figure 6-23: Comparison of mean response spectra from SPT data with code spectra: (b) Kirkos, 

and (c) Kolfe keranyo 
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(d) 

 

 (e) 

Figure 6-24: Comparison of mean response spectra from SPT data with code spectra: (d) Lafto-1, 

and (e) Lafto-2 
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(f) 

 

 (g) 

Figure 6-25:Comparison of mean response spectra from SPT data with code spectra: (f) Lafto-3, 

and (g) Lideta-1 
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 (h) 

Figure 6-26: Comparison of mean response spectra from SPT data with code spectra: (h) Lideta-

2 

For Seismic survey data 

Accelerations in one-dimensional analysis range from 0.52g to 1.37g and take place 

between 0.05 and 0.5 seconds. And, two-dimensional analysis reveals accelerations in the 

same time interval of 0.3g to 0.76g. Notably, this study's two- dimensional response 

spectra underestimated by ES EN 1998:2015 standards while nearly matching NEHRP 

requirements. 

In nearly all cases, local code spectra underestimate the spectral acceleration between the 

time intervals of 0.05 and 0.5 second. Nevertheless, they typically overestimate the 

spectral acceleration between 0.5 and 1.5 seconds. This results indicates that additional 

research and modification of code provisions are necessary to provide more precise 

approximations over a range of time periods. The comparison of the code spectra and the 

mean response spectra from seismic survey data is shown in Figure 6-27 and Figure 6-28. 
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(a) 

 

 (b) 

Figure 6-27: Comparison of mean response spectra from Seismic survey with code spectra: (a) 

Akaki kality, and (b) Kirkos 
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(c) 

 

 (d) 

Figure 6-28: Comparison of mean response spectra from Seismic survey with code spectra: (c) 

Lafto, and (d) Lideta 
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6.3. Seismic micro zonation 

Seismic micro zonation refers to the partitioning of an area with comparatively equal 

exposure to different types of earthquake related activity or the identification of specific 

locations with varying potential for seismic effects (Walling & Mohanty, 2009).  It 

involves the assessment of local geological, geotechnical, and seismological conditions to 

evaluate factors such as soil behavior, ground shaking potential and liquefaction risk 

during an earthquake. 

The purpose of micro zonation is to provide precise maps that identify regions with varying 

seismic risk, enabling more accurate planning and mitigation methods. Seismic micro 

zonation is necessary for areas of high seismic hazard, such as urban areas and areas that 

are soon to become urban, as well as for areas with moderate or low seismic hazard but 

where amplification is expected due to local geological conditions. The extent of the 

ground shaking during an earthquake is the most significant factor in determining the 

damage pattern caused by an earthquake (Walling & Mohanty, 2009). The results of micro 

zonation are crucial for urban planning, land use regulations, and designing earthquake 

resistant structures, as they help authorities and engineers understand and minimize the 

impact of seismic excitations. 

Seismic micro zonation can be efficiently carried out with Geographic Information 

Systems (GIS). Strong tools are available in GIS for organizing, evaluating, and displaying 

many datasets such as seismicity, topography, and soil properties that are necessary for 

micro zonation. 

6.3.1. Geographic Information System (GIS) data 

Geographic Information System is a powerful tool used for capturing, storing, analyzing, 

and visualizing spatial and geographic data. It allows users to create detailed maps, 

perform spatial analysis, and model relationships between different geographical features. 

To create extensive spatial information, GIS software can incorporate a variety of data 

sources, including GPS coordinates, survey data, and satellite images. 

GIS has numerous uses in the fields of land development, housing, transportation, land 

use, and the environment. Analyzing the suitability of the land and choosing a site are 

major examples (Yeh, 2005). 
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Some widely used GIS software includes ArcGIS, QGIS, and MapInfo, each offering 

features like data management, geo-processing, and advanced visualization tools. ArcGIS 

is used for this study since it is an advanced GIS tool due to its reliable capabilities for 

handling large datasets, performing complex spatial analysis, and producing high quality 

visualizations. 

6.3.2. Shape file of Addis Ababa 

Geometric data types, such as points, lines, and polygons, are stored in shape files along 

with a table of records that contains data attributes and properties. When combined with 

data properties, shapes (points, lines, and polygons) can form an endless number of 

representations for geographical data. (Shardul M. Chokshi, 2011). The shape file of 

countries can be obtained from several reliable sources, including GADM.org, DIVA-GIS, 

and Natural Earth, which offer free access to detailed administrative boundary data. For 

this study GADM.org is used for mapping in GIS. 

The Global Administrative Areas (GADM) database offers comprehensive, accessible 

spatial data on administrative borders for every country worldwide. For usage with GIS 

software, it provides geographic data on numerous levels, including boundaries for 

countries, states, provinces, and districts. This data can be downloaded in a variety of 

forms, such as shape files and geo-packages. GADM is used since this study requires 

clearly defined administrative borders. 

The GADM website is accessed, and a search for Ethiopia is done in order to obtain the 

Addis Ababa shape file. Based on the findings, Addis Ababa's administrative level is 

chosen. Then, after downloading the shape file in the proper format, it is imported into 

GIS software to be further processed. The South - Western part of Addis Ababa is then 

extracted from Addis Ababa’s shape file using the attribute data earned from the shape file 

collected from GADM website.  

6.3.3. Mapping two dimensional ground response analysis results  

A comprehensive seismic hazard map is created for five specific sub cities inside the city 

using the shape file of Addis Ababa and the outcomes of the two-dimensional ground 

response analysis. The precise administrative boundaries provided by the shape file is 

utilized to determine the geographical limits of each sub city of the study.  
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The map illustrates zones of higher and lower seismic amplification by highlighting 

varying peak ground acceleration results. GIS data combined with ground response 

analysis provides a thorough visual illustration of the South – Western part of Addis 

Ababa's potential seismic response. Figure 6-29 illustrates the Seismic micro zonation map 

of the study area.  

 

 

Figure 6-29: Seismic micro zonation map 
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The seismic micro zonation map indicated in Figure 6-29 shows that Kolfe keranyo, 

Lideta, and Nifas silk lafto sub cities from the study area have magnified the input ground 

motion between 0.21 g and 0.3 g, whereas Kirkos and Akaki kality sub cities have 

magnified the input ground motion between 0.11 g and 0.21 g, indicating relatively less 

susceptibility to earthquake-induced problems. 

In the previous study by Getu (2023), the PGA results for the three study areas are as 

follows: Mexico (in Lideta sub city) recorded a PGA of 0.23g, Jemo (in Lafto sub city) 

recorded 0.21g, and Genet Hotel (in Kirkos sub city) recorded 0.18g. Comparing the 

previous study with this study's micro zonation map, I found that its results align closely 

and can be incorporated into this map, indicating strong agreement between the findings. 
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CHAPTER SEVEN 

7. CONCLUSION AND RECOMMENDATION 

7.1. Conclusion 

To conduct two-dimensional ground response analysis in the South - Western part of Addis 

Ababa, representative geotechnical and geophysical data were collected from various sites 

within the study boundary. Based on the collected data, the sites are characterized 

accordingly. And this detailed characterization helps in understanding the diverse 

subsurface conditions.  

Using the collected input data and earthquake motion, which is filtered from the PEER 

ground motion database, two-dimensional ground response analysis is conducted for each 

site using PLAXIS 2D software. The analysis provides detailed insights into site-specific 

responses. And the Seismic micro zonation map is produced combining shape files and 

peak ground response analysis results. Based on the results, the following conclusions are 

drawn. 

 The range of the peak ground acceleration for two-dimensional analysis, as 

determined by geotechnical data, is 0.17 g to 0.28g, while for geophysical data, it 

is 0.14g to 0.29g. These PGA results show that the input ground motion is 

amplified by about 2. 

 The mean response spectra from one-dimensional analysis range from 0.5g to 

1.23g based on SPT data and from 0.52g to 1.37g based on seismic survey data. 

For two-dimensional analysis, the mean response spectra range from 0.36g to 0.67g 

based on SPT data and from 0.3g to 0.76g based on seismic survey data. These 

results indicate a significant difference between one-dimensional and two-

dimensional analyses. 

 

 The comparison between one-dimensional and two-dimensional mean response 

spectra with the code spectra reveals significant differences. Between the time 

periods of 0.05 and 0.5 seconds, local code ES EN 1998:2015 tend to underestimate 

the spectral acceleration in most cases but closer to NEHRP provisions. 
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Conversely, between 0.5 second and 1.5 seconds, they generally overestimate the 

spectral acceleration. Notably, the results from two-dimensional analysis align 

more closely with NEHRP provisions. This indicates a need to revise the local code 

design spectra, as it currently underestimates the mean response spectra for the 

entire study area.  

 

 The seismic micro zonation indicated that Kolfe keranyo, Lideta, and Nifas silk 

lafto sub cities have magnified the input ground motion between 0.21g and 0.3g, 

whereas Kirkos and Akaki kality sub cities have magnified the input ground motion 

between 0.11g and 0.2g, indicating relatively less susceptibility to earthquake 

induced problems. 

 

 In the previous study by Getu (2023), the PGA results for the three study areas are, 

Mexico (in Lideta sub city) recorded a PGA of 0.23g, Jemo (in Lafto sub city) 

recorded 0.21g, and Genet Hotel (in Kirkos sub city) recorded 0.18g. I found that 

its results align closely and can be incorporated into this micro zonation map, 

indicating strong agreement between the findings. 

7.2. Recommendation 

The study found that the selected sites in the South - Western part of Addis Ababa 

amplified the input ground motion more than the local code spectra estimates but near to 

the NEHRP provisions. Therefore, it is recommended to revise the local code spectra and 

conduct a detailed investigation and mapping of the rest six sub cities of Addis Ababa to 

ensure accurate seismic risk assessment and improve safety measures. 
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Appendix A 

Peak Ground Acceleration (PGA) 

a. Based on SPT data 

 

(a) 

 

(b) 

Figure A- 1: PGA results from SPT data: a) Akaki kality,and (b) Kirkos 
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(c) 

 

(d) 

Figure A- 2: PGA results from SPT data: (c) Kolfe keranyo,and (d) Lafto-1 
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(e) 

 

(f) 

Figure A- 3: PGA results from SPT data: (e) Lafto-2,and (f) Lafto-3 
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(g) 

 

(h) 

Figure A- 4: PGA results from SPT data: (g) Lideta-1,and (h) Lideta-2 
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b. Based on Seismic survey data 

 

(a) 

 

(b) 

Figure A- 5: PGA results from Seismic survey data: (a) Akaki Kality, and (b) Kirkos 
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(c) 

 

(d) 

Figure A- 6: PGA results from Seismic survey data: (c) Lafto, and (d) Lideta 
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c. Comparison of PGA results with input motion 

 

(a) 

 

(b) 

Figure A- 7: Comparison of PGA results with the input motion: (a) Akaki kality, and (b) Kirkos 
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 (c) 

 

(d) 

Figure A- 8: Comparison of PGA results with the input motion: (c) Kolfe keranyo, and (d) Lafto 
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 (e) 

Figure A- 9: Comparison of PGA results with the input motion: (e) Lideta 
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Appendix B  

Response spectra 

a. Based on SPT data 

 one dimensional response spectra 

 

(a) 

 

(b) 

Figure B- 1: One dimensional response spectra from SPT data : (a) Akaki kality, and (b) Kirkos 
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(c) 

 

(d) 

Figure B- 2: One dimensional response spectra from SPT data : (c) Kolfe keranyo, and (d) Lafto-
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(e) 

 

(f) 

Figure B- 3: One dimensional response spectra from SPT data : (e) Lafto-2, and (f) Lafto-3 
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(g) 

 

(h) 

Figure B- 4: One dimensional response spectra from SPT data : (g) Lideta-1, and (h) Lideta-2 
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 Two dimensional response spectra 

 

(a) 

 

(b) 

Figure B- 5: Two dimensional response spectra from SPT data : (a) Akaki kality, and (b) Kirkos 
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(c) 

 

(d) 

Figure B- 6: Two dimensional response spectra from SPT data : (c) Kolfe keranyo, and (d) Lafto-
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(e) 

 

(f) 

Figure B- 7: Two dimensional response spectra from SPT data : (e) Lafto-2, and (f) Lafto-3 
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(g) 

 

(h) 

Figure B- 8: Two dimensional response spectra from SPT data : (g) Lideta-1, and (h) Lideta-2 
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b. Based on Seismic survey 

 One dimensional response spectra 

 

(a) 

 

(b) 

Figure B- 9: One dimensional response spectra from Seismic survey data : (a) Akaki kality, and 

(b) Kirkos 
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(c) 

 

(d) 

Figure B- 10: One dimensional response spectra from Seismic survey data : (c) Lafto, and (d) 

Lideta 
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 Two dimensional response spectra 

 

(a) 

 

(b) 

Figure B- 11: Two dimensional response spectra from Seismic survey data : (a) Akaki kality, and 

(b) Kirkos 
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(c) 

 

(d) 

Figure B- 12: Two dimensional response spectra from Seismic survey data : (c) Lafto, and (d) 

Lideta 
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Appendix C  

Description of geotechnical layers 

a. Akaki kality 
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Figure C- 1: Akaki Kality borehole logs 
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b. Kirkos Sub city 
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Figure C- 2:Kirkos borehole logs 
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c. Kolfe keranyo 
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Figure C- 3:Kolfe keranyo borehole logs 
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d. Lafto-1 
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Figure C- 4:Lafto-1 borehole logs 
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e. Lafto-2 

 



Site specific Ground Response Analysis at South - Western part of Addis Ababa 

MSc Thesis  Page 168 
 

 



Site specific Ground Response Analysis at South - Western part of Addis Ababa 

MSc Thesis  Page 169 
 

 



Site specific Ground Response Analysis at South - Western part of Addis Ababa 

MSc Thesis  Page 170 
 

 

 



Site specific Ground Response Analysis at South - Western part of Addis Ababa 

MSc Thesis  Page 171 
 

 



Site specific Ground Response Analysis at South - Western part of Addis Ababa 

MSc Thesis  Page 172 
 

 

Figure C- 5: Lafto-2 borehole logs 
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f. Lafto-3 
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Figure C- 6: Lafto-3 borehole logs 
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g. Lideta-1 
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Figure C- 7: Lideta-1 borehole logs 
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h. Lideta-2 
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Figure C- 8: Lideta-2 borehole logs 
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Appendix D 

Correction to field SPT-N values  

Table D-1: Corrections to Field SPT-N Values (Martin, et al., 1999) 

Factor Equipment Variable Term Correction 

Overburden Pressure  𝐶𝑁  
(𝑃𝑎/𝜎′𝑣𝑜)0.5 
0.4 ≤ 𝐶𝑁 ≤ 2∗ 

 
Energy Ratio Safety Hammer 

Donut Hammer 

Automatic Trip 

Hammer 

𝐶𝐸 0.60 to 1.17 

0.45 to 1.00 

0.9 to 1.6 

Borehole Diameter 65 mm to 115 mm 

150 mm 

200 mm 

𝐶𝐵 1.0 

1.05 

1.15 

Rod Length** 3 m to 4 m 

4 m to 6 m 

6 m to 10 m 

10 m to 30 m 
>30 m 

𝐶𝑅 0.75 

0.85 

0.95 

1.0 
< 1.0 

Sampling Method Standard Sampler 
Sampler without 
liners 

𝐶𝑆 1.0 
1.2 
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Appendix E 

     Site Categories 

a. ES EN 1998:2015 site categories 

Table E-1: ES EN 1998:2015 site categories 

Ground 

type 

Description of stratigraphic 

profile 
Vs, 30  

(m/s) 

SPT-N 

(blows/30cm) 

Cu  

(kPa) 

A 

Rock or other rock-like 

geological formation, including at 

most 5 m of weaker material at 

the surface. 

> 800 — — 

B 

Deposits of very dense sand, 

gravel, or very stiff clay, at least 

several tens of meters in 

thickness, characterized by a 

gradual increase of mechanical 

properties with depth. 

360 – 800 > 50 > 250 

C 

Deep deposits of dense or 

medium-dense sand, gravel or 

stiff clay with thickness from 

several tens to many hundreds of 

meters. 

180 – 360 15 - 50 70 - 250 

D 

Deposits of loose-to-medium 

cohesiveness soil (with or without 

some soft cohesive layers), or 

predominantly soft-to-firm 

cohesive soil. 

< 180 < 15 < 70 

E 

A soil profile consisting of a 

surface alluvium layer with Vs 

values of type C or D and 

thickness varying between about 

5 m and 20 m, underlain by stiffer 

material with Vs > 800 m/s. 

— — — 

S1 

Deposits consisting, or containing 

a layer at least 10 m thick, of soft 

clays/silts with a high plasticity 

index (PI > 40) and high water 

content. 

< 100 

(indicative) 
— 10- 20 

S2 

Deposits of liquefiable soils, of 

sensitive clays, or any other soil 

profile not included in types A - E 

or S1. 

— — — 
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b. NEHRP provisions 

Table E-2: Summary of site categories in NEHRP provisions 

Site Class  
or  

Soil Profile 
Type 

Description 

Shear Wave 
Velocity  

Vs  
Top 30m 
(m/sec) 

Standard Pen. 
Resistance  

N or N60 

(blows/ft) 

Undrained 
Shear  

Strength 
Su (kPa) 

S-A / A Hard Rock > 1500 --- --- 

S-A / B Rock 760 - 1500 --- --- 

S-A / C and 
 S-B / D 

Very dense soil 
/soft rock 360 - 760 > 50 > 100 

S-B / D Stiff soil 180 - 360 15 - 50 50 - 100 

S-E Soft soil < 180 < 15 < 50 

S-C / F 

Special soils  
requiring site-

specific  
evaluation --- --- --- 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


