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ABSTRACT  
The soils in the Greater Accra Metropolitan Area (GAMA) soils have complex lithologies with 

varying spatial distribution mainly owing to bedrock, drainage, and topography. They are 

characterized by silty-sandy clays, heavy clays, and fine to coarse sand mostly in lower 

elevations, which grade to a range of gravely or highly quarzitic cobbly lateritic soils on higher 

grounds. The region is active seismically and has a history of earthquakes with destructive 

intensities occurring both recently and in the past. The recent surge in urbanization has made 

it possible to analyze and understand site effects in the region. The site effect plays a crucial 

role in planning and developing earthquake-resistant constructions as well as in estimating the 

damage caused by earthquakes. It is for this reason that the horizontal-to-vertical spectral ratio 

analysis has been used on ambient noise recorded in 13 sites in the region. Important site-

specific parameters such as the fundamental frequency, 𝑓0, of soft sediments and its 

corresponding amplification factor,𝐴0, alluvium thickness,𝐻0 and the soil vulnerability 

index,𝐾𝑔, have been estimated for the sites. The fundamental site frequency for the study area 

ranged between 0.73 𝐻𝑧 to 11.00 𝐻𝑧 with their corresponding amplification factor also 

ranging from 1.6 to 10.0. The alluvium thickness ranged between 2.61 𝑚 to 175.75 𝑚. The 

seismic vulnerability index which represents the likelihood of liquefaction ranged from 0.37 

to 20.00. Tesano PS site appears to be the most vulnerable to earthquake destruction and 

liquefaction. 
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CHAPTER ONE 

INTRODUCTION 

1.1 Background 

Earthquake intensity and damage do not solely depend on the magnitude and distance from the 

epicentre. They partly depend on the soil characteristics, the underlying geological conditions, 

and engineering structural integrity (Akkaya & Özvan, 2019; Cadet et al., 2011; Janusz et al., 

2022; Mundepi et al., 2015; Tanjung et al., 2021). The soil’s structure plays a significant role 

in increasing the region’s earthquake risk as well as the severity of the earthquake damage. 

Adjacent regions subjected to the same seismic activity may experience damages of varying 

scale including ones at a distance or remote from the epicentre (Akkaya & Özvan, 2019; 

Bonnefoy-Claudet et al., 2009; Talha Qadri et al., 2015). In 2001, Ahmedabad (India) was 

severely affected by the Bhuj earthquake even though the city was 400 km away from the 

epicentre. This occurrence is due to the geology and younger alluvial deposits (Ranjan, 2005).  

Interestingly, soils that show stability under static stress may behave differently under dynamic 

stresses such as earthquakes causing failure and massive destruction to structures (Akkaya & 

Özvan, 2019). Thick soft sediments with less compaction generally amplify the earthquake 

waves the most (Bard, 1994; Bonnefoy-Claudet et al., 2006a; Tanjung et al., 2021). 

Comparatively, hard rock conditions cause the area experiencing an earthquake to record less 

damage (Damayanti & Sismanto, 2021).  Vella et al. (2013) concluded that the thick layers of 

Oligocene-Miocene clay and marl greatly influence the site response of the Maltese island and 

have a strong link with some of the most damaging earthquakes recorded in the area. Gurler et 

al. (2000) emphasized the relation between the geology of Mexico and the damage recorded 

and observed during the 1957 and 1985 earthquakes in the country. Most of the damaged 

buildings were sited on soft clays which amplified the ground motion. Site effects refer to the 

variations in ground motion and seismic intensity felt at various regions as a result of the site’s 
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geology and geotechnical characteristics. Site effects significantly impact the severity of 

earthquake damage. Notable examples of site effects include the Great Hanshin-Awaji 

earthquake in Kobe in 1995, where a magnitude of 6.9 with an intensity ranging between XI to 

XII on the Modified Mercalli Intensity Scale was observed (Bonnefoy-Claudet et al., 2009).   

Site effects estimation has emerged as a key issue to address to mitigate and possibly prevent 

structural damage resulting from seismic ground motion (Cadet et al., 2011). Such estimations 

are critical because different sites exhibit particular seismic responses at which ground motion 

is amplified and has proved to be disastrous when it coincides with the fundamental frequencies 

of structures (Talha Qadri et al., 2015). Active fault zones and ground deformations also 

increase the risk of seismic hazards damaging infrastructure (Bray, 2009; Meghraoui et al., 

2016; Murbach et al., 1999; Oettle & Bray, 2013). Bray (2009) highlighted that the 

performance of structures is greatly affected by site-specific factors such as fault 

characteristics, underlying surface geology, and the foundation of the structural system. 

Anastasopoulos et al. (2007) explained how the Atatürk Basketball Court in Turkey having its 

foundation overlying a displacement fault was significantly damaged beyond repairs. However, 

Murbach et al. (1999) showed that proper planning achieved less damage to some structures 

during the M 7.3 1992 Landers Earthquake event. In recent times, planning and management 

of urban areas have generally been based on economic considerations rather than geotechnical. 

These omissions during urban centre planning may result in greater damage than necessary 

with far-reaching economic and social implications in the event of a natural disaster (Chen et 

al., 2021; Janusz et al., 2022; Moustafa et al., 2022). For earthquakes, magnitudes, timing, and 

location cannot be predicted precisely. Hence, countries in both high and low-seismically 

hazardous areas have therefore invested in pre-disaster mitigation strategies like building codes 

that inform design criteria for new construction works and also reinforce old buildings as well 

as public awareness programs. These strategies show how prepared the areas are and in effect 
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can reduce damage to properties and loss of lives. These strategies involve estimating the 

seismic vulnerability of a particular area by evaluating site effect parameters such as the 

fundamental frequency and the amplification factor to aid in geotechnical planning of new 

structures and also guide re-enforcement or enhancement of old buildings (Bard, 1994; 

Bonnefoy-Claudet et al., 2006b). Seismic vulnerability maps have been developed through 

geotechnical investigations to assist engineers in determining where various structures can be 

sited based on the building codes.  

Over the years, various categories of methods have sought to estimate the magnitude of 

amplification caused by soft sediments. Amplification of ground motion is a result of the 

impedance contrast existing between the bedrock and soft sediments deposited on them 

(Castellaro & Mulargia, 2009; Hunter et al., 2002; Nortey et al., 2018). Numerous instances of 

catastrophic earthquake effects in literature have shown the need to incorporate reliable 

analysis methods and procedures in site effect estimations (Marcellini, 2006).  Methods that 

involve direct monitoring of ground motion through earthquakes are most effective and are 

limited to regions with high seismic activity rates. Such methods are less effective and rarely 

used in low to moderate seismic zones as it takes several years to collect enough reliable 

datasets. Recent site effect assessments in urban and densely populated areas are based on 

ambient noise (Bonnefoy-Claudet et al., 2006a; Janusz et al., 2022; Johnson & Lane, 2016; Liu 

et al., 2014). Ambient noise is a low-amplitude and short-period vibration sourced from natural 

disturbances such as wind interacting with structures and vegetation or from cars, heavy 

machinery traffic, and other sources (Bonnefoy-Claudet et al., 2009; De Guevara et al., 2022; 

Talha Qadri et al., 2015). Special physical parameters such as the fundamental site frequency, 

amplification factor, sedimentary thickness, and vulnerability index vary from place to place 

due to variations in local geology; hence, estimating these parameters from the ambient noise 

recordings aids in site response analysis. These site-specific parameters give engineers and 
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geoscientists an idea of just how much the soil can trap and amplify the seismic wave during 

an actual seismic event. One of the most effective methods used to achieve this is the 

horizontal-to-vertical spectral ratio (HVSR) analysis of ambient noise (Bonnefoy-Claudet et 

al., 2009; Mundepi et al., 2015; Nakamura et al., 2000).  

The horizontal-to-vertical spectral ratio (HVSR), was initially presented by Nogoshi and 

Igarashi, but later developed by Nakamura and has proven to be an easy and reliable way of 

estimating local side effects over the years (Akkaya & Özvan, 2019; Bonnefoy-Claudet et al., 

2009; Molnar et al., 2007b; Talha Qadri et al., 2015).  The technique has been reviewed in 

depth by the SESAME (Site Effect Assessment Using Ambient Excitation)  project (Marcellini, 

2006). The project proposed a comprehensive list of guidelines for effective measures to take 

when using the method and has since been applied in several densely populated and low-to-

moderate seismic areas for earthquake engineering purposes (Onyebueke et al., 2017; Vella et 

al., 2013). The technique is an experimental procedure used to evaluate some characteristics of 

soft sediments like the fundamental site frequency and amplification factor which are mostly 

adopted in micro zonation investigations. Just like any other geophysical method, the HVSR 

technique is not absolute and should be used together with other methods to fully characterize 

the complexities of soft sediments (Marcellini, 2006). Particularly, the HVSR technique 

underestimates the amplification factor to an extent but gives a reliable estimate of the 

fundamental site frequency (Field & Jacob, 1993; Parolai, 2012). Sediment thickness can be 

calculated from ambient noise using the HVSR technique. Sediment thickness is an equally 

important parameter in earthquake engineering and construction work as it plays a crucial role 

in the stability of building foundations (Bard, 1998; Field & Jacob, 1993; Tian et al., 2019). 

The soil vulnerability index can also be estimated using ambient noise measurements 

(Nakamura, 1997). A seismic soil vulnerability index assesses and quantifies the vulnerability 

of regions or buildings to earthquake hazards. The spectral ratios of ambient noise 
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simultaneously measured on structures and their foundation ground surface can be used to 

assess the seismic response characteristics of buildings (Nakamura, 1997).  Numerous research 

has shown that this simple and cheap approach based on the HVSR analysis of ambient noise 

shows a good correlation with strong motion analysis such as earthquakes (Ullah & Prado, 

2017). All these parameters are valuable tools for urban planning, risk reduction, and preparing 

for disasters in seismically active places. It helps authorities prioritize resources, implement 

building codes and construction standards, and plan emergency response strategies. 

Active artificial seismic sources such as explosions or heavy mass drops are not appropriate in 

heavily populated regions for strong ground motion analysis (Chen et al., 2009). In the case of 

the Greater Accra Metropolitan Area (GAMA), the HVSR on ambient noise approach seems 

to be the most suitable method for site effect estimation because strong earthquakes very rarely 

occur and also there are few permanent seismographs installed for adequate ground motion 

monitoring (Amponsah et al., 2009).  Even though the public's general perception is that 

seismic risk is negligible, historic records and recent tremors only indicate that the area is still 

seismically active and requires the needed attention. The recent increasing rate of urbanization 

in the GAMA due to the centralization of countless industries within it has caused a dramatic 

increase in building density since the last destructive earthquake. Buildings in the area are 

generally not constructed to be resilient and to withstand earthquake shocks (Ayetey & Andoh, 

1988). Most of them have been mounted on a new diversity of geological conditions of which 

site effect conditions may not be known. 

It is a crucial task for urban regions, as in the case of the GAMA, to have a concrete and 

appropriate plan of seismic hazard mitigation because it is at a high risk of earthquake 

destruction even though it is in a relatively low-to-moderate risk zone ( Irinyemi et al., 2022; 

Kadiri & Amponsah, 2021; Meghraoui et al., 2019). Infrastructure engineers, town planners, 

and emergency response units including the National Disaster Management Organization 
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(NADMO) are constantly seeking high-resolution and accurate geotechnical information on 

assessing seismic damage, designing infrastructure to withstand earthquakes, and planning for 

and responding to emergencies.  This research arises out of the need to improve and add to 

scientific and geotechnical knowledge concerning seismic risk to buildings in the GAMA and 

estimate potential risk zones for future buildings in the area using the horizontal-to-vertical 

spectral ratio approach.   

 

1.2 Problem Statement 

Evolving urban centres are strategically placed or located along river valleys, and alluvial fans 

besides mountains, coastal plains, and others because of the sufficient water supply that the 

thick aquifers located in such places may offer. The thick sediments harbouring these aquifers 

are good news for accessing water in urban centres but also increase the risk of potential high 

damage during earthquakes. Also, heavy weathering in such places results in the deposition of 

soft unconsolidated sediments often characterized by heterogeneous geological features. Such 

soils produce varying significant site effects (D’Amico et al., 2008). It has been established 

from numerous earthquake studies that the intensity and damage caused by strong ground 

motion are more often than not linked to such soft sediments (Chen et al., 2009; Chen et al., 

2021).  Figure 1 shows the cities of Accra and Tema, both urban centres in Ghana are located 

in the Main Volta basin. In some locations of Accra, the weathered sandstones form aquifers 

about 60 m thick (Ayetey & Andoh, 1988).  
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Figure 1 The main river basins in Southern Ghana (Gyau-Boakye et al., 2008)  

Seismicity in Ghana is higher in the southern parts of the country due to the existence of active 

faulting of the two major faults; the Coastal boundary fault and Akwapim fault zone (Ahulu et 

al., 2018; Amponsah et al., 2009; Meghraoui et al., 2019). Most earthquakes in Ghana have 

had epicentres around the intersection of these two faults (Amponsah, 2004). The GAMA is 

located in a seismic zone with isoseismal lines that range in magnitude from seven to nine on 

the Mercalli scale (Ayetey & Andoh, 1988). In recent years urbanization and population growth 

have been increasing at a concerning rate in these same areas of the country, particularly in the 

Greater Accra Metropolitan Area, GAMA (Stow et al., 2016). This has led to an increase in 

building and infrastructure development, most of which has been sited without much 

consideration of the developing areas' seismic response. It can be predicted that several 

construction projects have been sited in seismically active regions, placing these structures in 

danger of severe damage in the case of significant earthquakes (Ayetey & Andoh, 1988).  

There is an increased risk of induced seismicity where human activities such as hydraulic 

fracturing, wastewater disposal, enhanced oil recovery, and mining activities among others, 
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add to the stress around active faults (Doglioni, 2018; Foulger et al., 2017; Grigoli et al., 2017; 

Rubinstein & Mahani, 2015). The resulting induced earthquakes do not differ entirely from 

naturally occurring earthquakes in terms of magnitude but rather in their timing (Doglioni, 

2018; Nicol et al., 2011).  

A greater portion of Ghana’s ever-increasing population resides in bigger cities such as Accra, 

Kumasi, and Tamale among others. As these cities continue to become urbanized, their 

population also increases (Adedini, 2022; Devendran & Banon, 2022). According to 

Devendran & Banon (2022), the Greater Accra Metropolitan Area (GAMA) can be regarded 

as the biggest urban centre in Ghana and also a megacity within Africa. From 2000 to 2016 the 

estimated population growth rate was 2%, this was projected to reach about 2.4% between 2016 

and 2030 (Imoro Musah et al., 2020). Aside from this, there has been a general projection of a 

total population increase on the continent from 1.5 billion to an estimated figure of around 2.5 

billion by 2050 with a startling 55% of this living in urban areas (Komacek et al.,2017). These 

estimates are bound to increase alarmingly in coming years according to studies.  This implies 

that there will be an even greater portion of the population occupying the seismically hazardous 

zones such as areas in and around Accra in years to come.  

The intensity of earthquakes depends largely on their magnitudes but also significantly on the 

local site conditions of the subsurface (Bard, 1994; Gospe et al., 2020). Generally, the soil 

through which the energy moves has the potential to amplify it thereby causing severe damage 

(Hunter et al., 2002). A greater part of Accra is covered with shallow soft soils which amplify 

seismic waves significantly (Nortey et al., 2018). Another issue of concern is that the 

earthquakes occurring here in the country are categorized as shallow-focused. The magnitude 

6.5 Accra earthquake in 1939 is believed to have had a depth of focus of 13.4 km (Kutu, 2013). 

Shallow-focused earthquakes with magnitude ranges of 4.0 to 6.0 pose a higher risk of 

destruction than deep-focused earthquakes, especially in heavily populated areas with few 
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earthquake-resistant buildings (Camelbeeck et al., 2022; Nappi et al., 2021).  Induced 

seismicity further adds to this risk (Grigoli et al., 2017; Nievas et al., 2020).  

1.3 Justification 

In earthquake-prone areas, seismic hazards must be clearly defined to influence the design of 

earthquake-resistant structures fundamentally. The Ghana Standards Authority’s Ghana 

Building Code (GhBC) GS 1207:2018 clearly states essential building requirements 

concerning earthquake hazards. Several methods such as deterministic seismic hazard analysis, 

probabilistic seismic hazard analysis, and the 𝑉𝑠
30 has been used to understand and fully assist 

with construction work.  

In most developing and even developed countries, pre-earthquake damage reduction strategies 

have proved costly when hazard models and maps underpredict or overpredict the hazard.  The 

cost of re-enforcing old buildings and materials needed to build new resistant ones may be too 

much to bear. In places like Ghana where previous hazard models and maps were based on 

assumptions and preconceptions of researchers, there is a possibility of inaccurate hazard 

estimates. It has, therefore, become imperative to consider how a hazard model and a hazard 

map predict and how to significantly enhance their estimations. 

The horizontal-to-vertical spectral analysis of ambient noise is a method that has proven to 

achieve a similar but convenient result. It provides a better understanding of the subsurface 

concerning how it may behave when seismic energy propagates through it and shows how 

much amplification the soil offers. In effect, it gives a clearer correlation between site response 

and the outcrop geology. This work seeks to provide supplementary knowledge that can inform 

site-specific parameters for construction work done in the high seismic vulnerability zones 

using the horizontal-to-vertical spectral analysis.  
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1.4 Objectives 

The main aim of this study is to come up with a seismic vulnerability index map and site-

specific parameters that can supplement existing literature.  

To achieve the main objective, the specific objectives are: 

• To determine the fundamental frequency of selected sites and its corresponding 

amplitude  

• To calculate the seismic vulnerability index for these sites 

• To estimate the thickness of the sedimentary cover  

• To categorize the selected sites into seismic vulnerability zones by using the obtained 

parameters to generate a vulnerability map in ArcMap. 

1.5 Study Area 

The Greater Accra Metropolitan Area (GAMA) covers the majority of the Greater Accra region 

in Ghana, encompassing Accra Metropolis, Ashaiman, Tema Metropolis, Ga East,  Ga South, 

Ga West, Adenta, and Ledzokuku Krowor as shown in Figure 2 (Nortey et al, 2018; Owusu, 

2012). The size of the GAMA is approximately 1550.37 𝑘𝑚2 land area and is bounded between 

latitudes 5⁰45’0’’N and 5⁰25’0’’N and longitudes 0⁰30’0’’W and 0⁰05’0’’E along the Atlantic 

coast of Ghana. 

The area is mainly undulating in the east grading into the Accra plains. There are recognizable 

high ranges such as the Akwapim ranges trending from northeast to southwest (Ayetey & 

Andoh, 1988). There are a few isolated hills and rock outcrops scattered across the region, 

which range from flat to gently undulating slopes rising to 75 meters at the foothills (Addae & 

Oppelt, 2019).  

The GAMA has experienced a constantly increasing rate of urbanization over the past years 

from a group of fishing communities and has developed into Ghana’s economic centre, 
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attracting investors from all over the country and the world. The GAMA is currently the most 

economically industrialized region in Ghana (Allotey et al., 2006). According to the report by 

Addae & Oppelt (2019); Nortey et al. (2018); and Imoro Musah et al. (2020), it has a population 

that approximates to about five million and is expected to double in 20 years making it the 

largest metropolitan by population. 

 

Figure 2 Map of the Greater Accra Metropolitan Area (GAMA) (Owusu, 2012) 

1.5.1 Geological Setting 

 The geological makeup of the GAMA as indicated in Figure 3, is fairly simple. According to 

Ayetey & Andoh (1988), the basement rocks to the east of the Akwapim hills are generally of 

the Dahomeyan series; metamorphosed Precambrian sediments which are predominantly hard, 

foliated, and folded gneisses. The Dahomeyan series are overlayed with the much younger 

Togo series rocks which are hard quartzites or recrystallized sandstones. The Togo series is 

characterized by interbedded quartz and mica schist which are folded, faulted, and mainly trend 

northeast to southwest. Rocks of the Accraian formation underlie most of the central part of 
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the study area. The Accraian formation consists of mainly Devonian shales and interbedded 

sandstones.  

 

Figure 3 Geological Map of the GAMA (Dawood et al., 2012) 

1.5.2 Engineering soil distribution concerning bedrock topography  

Residual soils form a complex spatial distribution and the process is generally controlled by 

bedrock, drainage, and topography. These soils are made of patches of lateritic soils on higher 

ground and sands and clays on lower ground, primarily depending on whether the bedrock is 

made up of sandstones, quartzites, or shales (Ayetey & Andoh, 1988; Nortey et al., 2018). 

Figure 4 represents a map developed using data from Accra boreholes that were drilled for site 

investigations (Ayetey & Andoh, 1988). 

In low-lying areas, the Accraian interbedded sandstone and shale deposit typically produce fine 

to coarse sands, which become silty to clayey where shales are interbedded. However, on 

higher terrains with satisfactory drainage, lateritic soils that range from sandy to gravelly are 
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more dominant. The shale series normally forms the clays. In low-lying places, the Togo series 

often produces fine to coarse sand that ranges from gravelly laterites to highly quarzitic cobbly 

to gravelly laterites on high ground, with the schist zones producing clayey to silty sands. The 

Dahomeyan rocks undergo weathering to form residual soils with thick clay and silty-sandy 

clay in river channels and valleys. Generally, alluvial deposits are of clayey to silty material 

(Ayetey & Andoh, 1988; Junner, 1941). The depth and products of weathering of these 

formations can be used to determine seismic risk in these areas (Amponsah et al., 2009; 

Amponsah et al., 2008). These soft residual soils may amplify seismic energy rendering such 

areas highly vulnerable and at risk of earthquake damage. 

 

Figure 4 Engineering soil map of the Accra area with isoseismal of the 1939 Earthquake (Nortey et al., 2018)  

1.5.3 Seismotectonic of the GAMA 

Southern Ghana is known for being the most seismically active part of the country. Three 

separate tectonic zones, with varying tectonic features, make up the seismotectonic of Southern 

Ghana as well as its off-shore area. These tectonic zones are the Akwapim fault zones, the 

Romanche fracture zone, and faults in the shelf and coast mainly comprised of the Coastal 

Boundary fault. The majority of recent earthquakes and tremors have occurred along the 

Akwapim fault zones and the Coastal boundary fault (Ahulu et al., 2018). 
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1.5.3a Akwapim Fault Zones 

This is a system of thrust faults trending from southwest to northeastwards through Kpong, Ho, 

and into Togo and Benin. The fault zone is outlined by the Western Boundary Fault (WBF) 

and the Eastern Boundary Fault as shown in Figure 5. In recent years, the zone has undergone 

a block-tectonic style of deformation that has resulted in several normal faults developing 

(Ahulu et al., 2018; Amponsah et al., 2012). Some faults in this zone include the Akwapim 

fault and the Nyanyanu fault. 

1.5.3b Faults in the coastal area and shelf 

The 1939 earthquake sparked a series of research into understanding the seismotectonic of 

Southern Ghana. Analysis of knowledge on land geology and interpretation of seismic 

reflection survey of the continental shelf led to the discovery of the presence of some faults in 

the area as per Blundell (1976). The Coastal Boundary Fault is the most prominent normal fault 

in the shelf (Amponsah et al., 2012). It trends east-west as shown in Figure 5. It intersects the 

Akwapim fault just to the west of Accra. Blundell (1976) explained that the Coastal Boundary 

Fault forms the northern margin of the Keta Basin. Other faults in this zone that are believed 

to be active include the Fenyi-Yakoe and Adina faults (Amponsah et al., 2012) 

1.5.3c Romanche Fracture Zone 

Figure 5 shows the Romache Fracture Zone (RFZ), an offshore fault system that runs almost 

parallel to the coastline. It is an inactive transform fault of the Mid-Atlantic Ridge which 

differentiates the continental crust from the oceanic crust (Attoh et al.,2005). 
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Figure 5 Neotectonics and Geological sketch map of South-East Ghana (Amponsah et al., 2012) 
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1.5.4 Neotectonics of Southern Ghana  

A study by Amponsah et al., (2012) on the tectonic-structural evolution of Southeast Ghana, 

made clear the fact that the forces that caused deformation during the Pan-African orogenesis 

no longer exist in the present day. However, discoveries of high-to-moderate- angle neo-

tectonic normal faults indicate that tectonic movement is still ongoing (Amponsah et al., 2012). 

Such faults are believed to be utilizing weakened zones and hence may mimic the older Pan-

African fault directions. Neo-tectonic faulting is believed to be greatly involved in modern-day 

seismic activity in the area. The study predicts that there could be more such faults existing 

than known either from topographic analysis or interpretation of drill holes in the Akwapim 

Togo belt. The reason is that there is usually an absence of contrasting lithologies and also 

thick soil cover keeps them hidden.  

Ghana’s continental margin subsides, exerting a shearing force that is believed to be the 

resulting factor of the occurrence of the numerous neo-tectonic normal faults in the coastal area 

and shelf. Lithological heterogeneities in the crust and pre-existing structures are also 

contributing factors to the formation of such normal faults (Amponsah et al., 2012). Such faults 

can be located in areas such as Abokobi, Nyanyano-Kokrobite, and to the West of Accra, the 

southernmost section of the EBF as shown in Figure 5. 
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CHAPTER TWO  

LITERATURE REVIEW 

2.1 Seismicity of Africa and Ghana  

The African plate has had its share of destructive earthquakes as have the other plates in other 

major earthquake zones. In major earthquake zones, such as Chile, the subduction between the 

Nazca plate and the South American plate causes very large earthquakes (Leyton et al., 2009). 

These earthquakes are referred to as inter-plate earthquakes and usually have comparatively 

high magnitudes. Africa experiences intraplate earthquakes which are generally considered to 

be a result of the presence of some major active faults in the continent (Meghraoui et al., 2016). 

Figure 6 shows the earthquake zones within the African plate.   

 

Figure 6 Stress Fields within the African Plate. Earthquakes within the plate is centred around these 

faults(Craig et al., 2011; Fairhead & Girdler, 1971; Meghraoui et al., 2016) 
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Notable cases of earthquakes in recent years include the magnitude 6.2 Karonga earthquake in 

Malawi in 2009, the magnitude 6.0 Bukavu earthquake in the Democratic Republic of Congo 

in 2008, the magnitude 6.8 Zemmouri-Boumerdes earthquake in Algeria and the magnitude 7.1 

Juba earthquake in South Sudan (Meghraoui et al., 2016)   Areas around the East African Rift 

System and North Africa thrust and fold belt such as the Maghreb in Northern Africa are 

classified as high seismic zones (Kadiri & Kijko, 2021). West Africa is generally considered 

to be a zone of low-to-moderate seismicity with occasionally large-magnitude earthquakes 

even though it is considered remote and a huge distance away from major active plate 

boundaries as shown in Figure 7 (Amponsah et al., 2009; Amponsah et al., 2012; Attoh et al., 

2005; Campbell et al., 2018; Kadiri & Kijko, 2021). Additionally, the Southern African plateau 

is also known to be seismically active (Meghraoui et al., 2016).  

 

Figure 7 A Global Seismic Hazard Map depicting areas of a probable high level of ground shaking during 

earthquakes. Africa experiences relatively moderate ground-shaking (Giardini et al., 1999).  

 

The mention of earthquakes in Ghana does not strike as much fear and panic as it would in 

different parts of the world. This is because of the seeming distance of our location from the 
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major earthquake zones leading many to believe that largely destructive earthquakes are not 

likely to occur in the country.  

The southern part of Ghana has experienced countless earthquakes even before proper 

recording instruments were introduced. Few of these have been destructive and led to the loss 

of lives and property dating as far back as 1615 (Amponsah, 2002; Amponsah et al., 2009, 

2008; Meghraoui et al., 2019; Nortey et al., 2018; Osei et al., 2018). Notable ones among these 

include the 22nd June 1939 earthquake (Mw=6.5 on the Ritcher scale) with an intensity of IX 

on the Modified Mercalli scale and the 1862 earthquake (Mw=6.5 on the Ritcher scale) with 

an intensity of IX on the Medevedev-Sponheuer-Karnik scale( Amponsah et al., 2008; 

Amponsah et al., 2020; Meghraoui et al., 2019; Quaah, 1982). It has been estimated that to add 

to the cost of damage to infrastructure, the 1939 earthquake killed seventeen people and injured 

a number close to 135. The major shocks in 1862 left the Christiansborg Castle and several 

forts uninhabitable (Junner, 1941). A magnitude 5.7 with intensity IX in 1636 caused a gold 

mine to collapse in the Axim district (Nortey et al., 2018). Ahulu et al. (2018); Amponsah et 

al. (2009); Osei et al. (2018); and Nortey et al. (2018) are just a few of the numerous studies 

that have been conducted to clearly understand the sources of these earthquakes that occur in 

southern Ghana to help improve seismic hazard assessment in the area. The seismic activities 

in Ghana are believed to be a result of possible movement along various thrust faults including 

the Togo, Birimian, and Dahomeyan (Amponsah et al., 2020; Bondesen & Smit, 1972). These 

pre-existing zones of weakness when reactivated become sources of intraplate earthquakes (Al-

Halboosi et al., 2022; Leite Neto et al., 2022; Sykes, 1978).  

Earthquakes do not necessarily kill, but rather poor structures sited upon the ground where the 

energy passes are the cause of most earthquake-related fatalities. Earthquake engineering 

analysis is mainly geared towards predicting the response of structures to particular levels of 

ground shaking and this is the closest we can get in trying to reduce the damage it causes. 
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Several approaches have been developed and new ones are constantly being sought after to 

maximize the knowledge about estimating the possible damage that can result from an 

earthquake on a site. Some of these are based on data on ground shaking intensities during past 

earthquakes.  

2.1 Probabilistic Seismic Hazard Analysis. 

The probabilistic approach considers a catalogue of earthquakes that have occurred at a 

particular site and uses this data to analyze and predict ground shaking intensity and magnitude 

of a future earthquake. A source zone, possibly a fault, needs to be identified. The source zone 

is expected to host a future earthquake. Areas surrounding the source zone are demarcated into 

sections based on how much ground shaking intensity can be produced some distance away 

using a predicted magnitude. The accuracy of this approach greatly depends on the earthquake 

catalogue and the source zone among others. Aside from the seismic source zone, the 

effectiveness of the method also depends on the equations for predicting ground motion and 

the seismic source parameters. The final product of this approach is a seismic source model 

which can be used to predict what the seismicity of the source zone will look like over some 

time and also the ground shaking intensity at a specific area close to the source (Baker et al., 

2013). Earthquake engineers use this analysis to help construct more resilient structures in 

earthquake zones. The Probabilistic Seismic Hazard Analysis approach has been employed in 

Ghana to produce a seismic hazard map for southern Ghana by Ahulu et al. 2018 and the 

seismic hazard map obtained after the study is shown in Figure 9 for a 10% probability of 

exceedance for peak ground acceleration of 50 years. Ahulu et al. (2018) concluded that out of 

the areas studied in southern Ghana, the Accra and Tema areas are found to be in the highest 

hazard zone in Ghana. Other significantly moderate hazard zones are found in places around 

Ho, Koforidua, and Akosombo. The paper admits to the difficulties faced in identifying 

seismically active fault zones in Ghana mainly because there are fewer than adequate stations 
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to properly monitor and fully understand the faults in terms of geometry, slip rate, and fault 

segmentation length among others. Nonetheless, three seismic source zones were identified in 

that study. They include the offshore zone in the Gulf of Guinea, the Accra zone, and the zone 

to the NNE of Ho (Figure 8). Seismic source parameters for each source zone were determined 

based on engineering seismology standard assumptions. Ground motion models that have been 

developed for areas in comparatively stable intra-plate regions with low seismic activity levels 

were selected for this study. The models used were derived using information from South 

Eastern Australia and Central and Eastern America since these areas bear a geographical 

resemblance to Ghana. The earthquake catalogue data used in this study initially contained a 

total of 127 events from different sources compiled between the periods of 1615 – 2009.  

 

Figure 8 Seismic source zones used in the study ( 1 – offshore zone, 2 – Accra zone, 3 – NNE of Ho zone) (Ahulu 

et al., 2018) 
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After various analysis was run on the data, earthquakes with magnitudes 𝑀𝑤 < 4 were 

excluded from the working catalogue mainly because most of them were foreshocks, 

aftershocks, and earthquake swarms whose magnitudes are considered too small to cause 

significant damage. A remainder of 33 events were used. The estimated peak ground 

acceleration for Tema and Accra was 0.20 𝑔 and by the attenuation law, seismic hazard reduces 

as distance from the Accra/Tema region increases by a value of 0.05 𝑔 for every 140 𝑘𝑚.  

 

Figure 9 Seismic hazard map for southern Ghana as per the probabilistic approach (Ahulu et al., 2018).  

The Probabilistic Seismic hazard approach which has also been used with an even broader 

catalogue for a period between 1615 – 2018 for earthquakes within West Africa estimated 

similar results for southern Ghana. The model predicted a worst-case scenario seismic event of 

magnitudes 5.5 – 6.0 (Irinyemi et al., 2022). 

University of Ghana http://ugspace.ug.edu.gh



24 
 

2.2 Monte Carlo-Based Seismic Hazard Model  

The Monte Carlo approach is one of the many techniques in literature listed under the 

probabilistic approach to seismic hazard assessments. It is employed in areas considered to be 

stable continental regions such as Ghana with scanty seismological data and lower rates of 

seismic activities. Osei et al. (2018) hold the view that this method seems most desirable in the 

area because the conventional probabilistic method heavily relies on past seismic activities. 

The technique has been employed in six cities in the southern part of Ghana; namely, Accra, 

Tema, Ho, Cape Coast, Koforidua, and Akosombo to access seismic risk and ground motion 

intensities. The computations involved are straightforward and it also enables the analyst to 

identify the likely earthquake scenarios that can be chosen for further structural analysis. The 

only probable step-back of the method is the need for a significant number of simulations to 

arrive at a true solution since it is based on the use of random numbers (Osei et al., 2018). For 

this study, the research considered the earthquake catalogue compiled by Amponsah et al. 

(2012) from the period of 1615 – 2003 but excluded magnitudes less than 3.0 because they are 

generally regarded as not potent enough to cause damage. Two source zones were used in the 

model as opposed to the three used in the probabilistic approach used by Ahulu et al. 2018.  

Source zones for source characterizations are delineated considering historical and 

instrumental data recording in the zones, this research did not consider the third one because it 

contained too few a number to be considered variable (Figure 10). The Monte Carlo simulation 

algorithms were run to generate a synthetic earthquake catalogue with similar characteristics 

as the historically and instrumentally compiled ones. According to the researchers, ground 

motion prediction equations considered for the study are based on stable continental regions 

while the ones used by Ahulu et al. (2018) were for active-shallow-crust regions. These 

differences in procedure and assumptions led to a significant difference in the values obtained 

by both techniques (Table 1). The Monte Carlo approach obtained lower peak ground 

acceleration but both predicted higher seismic risk in both Accra and Tema. Tema however 
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shows a higher seismic hazard when compared to Accra.  Ho and Cape Coast are at a relatively 

low seismic hazard. 

 

Table 1 PGA estimated values based on the Probabilistic and Monte Carlo approach 

City 

Location 10 % 𝑖𝑛 50 𝑦𝑒𝑎𝑟𝑠 

Longitude Latitude 

Probabilistic 

approach (Ahulu et 

al., 2018) 

Monte Carlo Approach 

(Osei et al., 2018) 

Accra  -0.182 5.555 0.2 0.05 

Akosombo 0.050 6.346 0.06 0.06 

Cape 

Coast 
-1.255 5.100 0.026 0.01 

Ho 0.408 6.649 0.1 0.02 

Tema  0.035 5.657 0.2 0.04 

Koforidua -0.226 6.068 0.08 0.05 

 

 

Figure 10 Seismic source zones in southern Ghana showing activities as complied in the 1615 – 2003 catalogue 

(Osei et al., 2018). 
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2.3 Deterministic Seismic Hazard Analysis  

This analysis takes a slightly different approach when compared to the probabilistic analysis. 

The deterministic approach tries to predict the worst damage that can happen at a selected site 

when an earthquake of the highest possible magnitude happens. This method allows engineers 

to design buildings considering this worst-case scenario. This gives the deterministic approach 

an edge over the probabilistic because, for very important structures where a future earthquake 

failure would be unpardonable, the use of the deterministic approach is recommended since the 

analysis is made based on the worst-case scenario (Krinitzsky, 1995). The method is relatively 

simple to perform and involves less complicated calculations. However, it faces the same 

problem of inadequate knowledge of seismically active sources, as some faults remain hidden. 

A source zone is identified just as in the probabilistic approach. The second step is to calculate 

and model the largest expected earthquake that can occur in the source zone identified. Lastly, 

the ground motion analysis is done (Krinitzsky, 1995).   

Amponsah et al. (2009) employed the deterministic method in some areas of Accra to evaluate 

ground motion intensity where a particular source zone and site conditions can control seismic 

hazards in the site. A bedrock model and a model for lateral changes in soil properties of 

subsurface rock were built for the analysis. The site conditions in the area studied are controlled 

mainly by the depth and the product of the weathering of bedrock. These are mainly from 

unconsolidated layers of soil which are known to amplify ground motion. Ground motion 

parameters are important in such modelling since they are site-specific and characteristic of 

these layers. Ideally, the ground motion parameters used for such analysis are determined from 

seismic refraction surveys, borehole investigations, and strong ground motion records. Strong 

ground motion data is not readily available in Ghana. The research, therefore, justified the use 

of synthetic data based on theoretical and computer simulations instead. Damages on buildings 

greatly depend on these ground motion characteristics. The research considered the magnitude 
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6.5 1939 with a maximum intensity of IX earthquake during the analysis to simulate the worst-

case scenario. Computations of synthetic seismograms were generated using the models and 

the earthquake along the profiles A-A”, B-B”, C-C” and D-D” shown in Figure 11. The results 

obtained for the peak ground acceleration and peak ground velocity values range from 

0.14 𝑔 𝑡𝑜 0.57 𝑔 and 9.2𝑐𝑚𝑠−1  to 37.1𝑐𝑚𝑠−1 respectively. The peak ground acceleration 

values can produce an intensity of 𝑉𝐼𝐼 to 𝐼𝑋 on the Modified Mercalli Intensity (MMI) scale 

and 𝐼𝑋 to 𝑋𝐼 on the Mercalli-Cancani-Sieberg scale (MCS). The peak ground velocity can also 

produce an intensity of 𝐼𝑋 to 𝑋𝐼 on the MCS scale and 𝑉𝐼𝐼 to 𝑉𝐼𝐼𝐼 on the MMI scale. In 

conclusion, high-intensity levels of 𝑋𝐼 (MCS) and 𝑉𝐼𝐼𝐼 (MMI) have been estimated in the study 

area using the 1939 earthquake. This means should the Accra metropolis be hit by a similar or 

greater earthquake, there will be greater destruction and massive loss of human life. The largest 

shakings were recorded in places underlain by unconsolidated sediments with poor mechanical 

properties such as the ones found in the colluvium and continental and marine deposit areas in 

Figure 11. 
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Figure 11 Geological map of southern Ghana showing the profiles used in the study (Amponsah et al., 2009) 

2.4 𝑉𝑠
30Mapping  

 Poor soil conditions amplify seismic waves to a great extent, adding to the damage that 

earthquakes pose. The velocity with which the shear wave travels through the soil carries a lot 

of information about the soil’s behaviour and stiffness. The 𝑉𝑠
30 mapping approach gives the 

average shear wave velocity in the top 30 m of soil and has thus, grown popularity in site 

characterization in seismic hazard analysis. The 𝑉𝑠
30 values obtained using the Multichannel 

Analysis of Surface Waves (MASW) are used to create a soil classification map based on soil 

stiffness and response to seismic waves. The soil classification map created is critical for 

earthquake engineering purposes (Brown et al., 2000; Castellaro & Mulargia, 2009; Nortey et 

al., 2018; Rošer & Gosar, 2010). Nortey et al. (2018) studied the complex shallow soil 

distribution in Accra using the 𝑉𝑠
30 and inferred results that are similar to previous site response 
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analyses in the area. The shear wave velocities obtained corresponded to soil profiles C and D, 

as per standards from the National Earthquake Hazards Reduction Program (NEHRP) 

classification scheme (Nortey et al., 2018). Soil profiles C and D represent shallow weathered 

rock (> 6𝑚 < 30 𝑚)  and deep stiff soils ( > 30 𝑚) respectively based on the shear wave 

velocity ranges obtained. The values are 360 𝑚 𝑠⁄  ≤  𝑉𝑠
30  ≤ 760 𝑚 𝑠⁄  for site class C and 

180 𝑚 𝑠⁄ ≤  𝑉𝑠30 ≤ 360 𝑚 𝑠⁄  for site class D which both show a significant difference in 

soil response to seismic energy. The southern part of Accra falls within site class D which 

shows low shear wave velocity as compared to the standards of the NEHRP and IBC indicating 

that it is vulnerable to high damage should there be an earthquake (Figure 12). Areas within site 

class C will better respond to earthquake shaking and might record less damage as compared 

to areas under site class D. It was difficult to establish a clear relationship between the velocity 

values obtained and the lithology of some other places of interest within the study area. Figure 

12 shows the results obtained.  

 

Figure 12 Site Classes C and D obtained with 𝑉𝑠
30analysis in some parts of the GAMA(Nortey et al., 2018) 
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Places to the west of Accra such as Nyanyano among others have shown significant high 

damage during previous earthquakes. However, the high shear wave velocity values obtained 

there did not conform to or follow the expected trend. The 𝑉𝑠
30 values obtained may have been 

overestimated. Further studies into such areas will be needed to better understand and establish 

a solid correlation between the velocity and lithology of the area. As highlighted and believed 

by several authors, the knowledge of 𝑉𝑠
30 alone is insufficient for structural and seismic risk 

assessment, the assumption that 𝑉𝑠 increases with depth slightly differs due to varying soil 

deposition conditions which cause velocity inversions. Such areas can significantly affect the 

seismic energy propagating through them. Also in cases where a strong impedance contrast 

does not exist, 𝑉𝑠
30is not very accurate (Dikmen et al., 2015; Forte et al., 2019; Hunter et al., 

2002; Pitilakis et al., 2018; Teague et al., 2018).   

 

2.5 Earthquake Site Response in Accra 

Ayetey & Andoh (1988) produced a seismic risk potential zone map using isoseismal lines VII 

and above (MMS) from the 22nd June 1939 earthquake as shown in Figure 13. The groupings 

into the zones were based on records of earthquake effects in the study area and the extent of 

damage by inspection. Areas in Category A – Maximum Damaged Zones were apportioned to 

areas on unconsolidated sand and clay deposits like Sakumo and Nyanyano and areas along the 

Togo series.  This also included areas underlain by the Accraian in Accra. The greatest damage 

in this category was sited on underlying rocks of interbedded shales and sandstones particularly 

those covered by clay, sand, or a combination of these and other soils. Buildings on Accraian 

shales were damaged more than those on Accraian sandstones. In some areas, the study reports 

that the depth of the soft alluvium covering the Accraian played a major role in the structural 

damage recorded (Figure 13). The relationship between the period of vibration of structures 

and the period of vibration of the supporting soil influences the seismic behaviour of the soil-
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structure system during an earthquake. Alluvium thickness is directly related to the period of 

vibration of the soil and hence can lead to great damage. Site response of different soils depends 

on the varying physical properties and depth variation and this leads to varying degrees of 

destruction to structures. Sands and clays that dominate the subsurface of Accra respond 

differently to earthquakes and hence a fairly different response is to be expected for different 

sites in Accra. The study pointed out that the isoseismal lines alone cannot be relied upon to 

reveal zones of high-risk potential and that bedrock topography, soil cover, surface topography, 

groundwater relationships, and numerous faults could subject several other places to a high risk 

of damage. Information on the periods of vibration of the weathered interbedded sands and 

shales of the study area will be needed to justify the engineering and physical properties of the 

subsoil as presented in the research. 

 

Figure 13 Earthquake risk potential zones of Accra using the 22nd June 1939 earthquake (Ayetey & Andoh, 

1988). 
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2.6 Ambient Noise H/V Spectral Ratio Technique 

The H/V spectral ratio method considers the fundamental resonance frequency characteristics 

of the soil as a function of geology (Onyebueke et al., 2017; Vella et al., 2013). It is site-specific 

and tells just how much the near-surface soft sediments amplify the earthquake ground motion. 

Above or at this threshold frequency, there may be significant amplification (Guéguen et al., 

2000; Talha Qadri et al., 2015). Just like the 𝑉𝑠30, this method is also affected by the 

impedance contrast which shows the presence of an overlying soft sediment over stiffer 

bedrocks (Bonnefoy-Claudet et al., 2009; Guéguen et al., 2000; Parolai et al., 2004; Teague et 

al., 2018). The resonance frequency varies over short distances as it hugely depends on the 

sediment thickness and material properties (Paudyal et al.,2012). If the resonance frequency of 

the subsurface corresponds to that of the infrastructure seated on it, great damage will be 

recorded, even for small-magnitude earthquakes (Talha Qadri et al., 2015). This makes it an 

important parameter to investigate concerning site effects and micro zonation. In comparatively 

low seismic zones, where strong earthquakes occur rather rarely, the horizontal-to-vertical 

spectral ratio approach can be applied to ambient noise for site effect analysis to determine 

vulnerable zones effectively (Bahavar et al., 2020; Bonnefoy-Claudet et al., 2006b; Cadet et 

al., 2011; Talha Qadri et al., 2015).  

2.6.1 Ambient Seismic Noise 

The urgency for improved and reliable seismic risk assessment techniques mainly in urban 

centers has been a major concern for decades. Bonnefoy-Claudet, et al. (2006b) state that the 

numerous techniques employed to identify site response characteristics such as the resonance 

frequency and the amplification factor can be grouped into three main categories. The first 

method combines a numerical approach with the classical geophysical methods and tools like 

borehole logging, seismic refraction, and reflection methods amongst others to make reliable 

estimates (Panza et al., 2001). These techniques have several limitations in urban centres due 
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to cost concerns (Bonnefoy-Claudet et al., 2006b). Category two measures a direct and 

unbiased experimental estimate of the site response characteristics using earthquake 

recordings. The limitation of these techniques is that it is not as effective in moderate to low 

seismic areas (Bonnefoy-Claudet et al., 2006b). The final category is based on ambient noise 

recordings which is not affected by the limitations faced by the other categories. Ambient 

Seismic Noise has grown very popular in its importance and application to various fields 

including seismological investigations mainly because of its persistent and pervasive nature 

(Nakamura, 2000; Sens-Schönfelder & Brenguier, 2019). In comparison to coda waves, it is 

independent of the occurrence of earthquakes, and recording it has no restrictions as far as time 

and location are concerned (Bonnefoy-Claudet et al., 2006b; Janusz et al., 2022; Yang & 

Ritzwoller, 2008). It has therefore proven to be the most efficient, less time-consuming, and 

low-cost alternative method for estimating soil resonance frequency of urban centres all around 

the world (Talha Qadri et al., 2015; Bahavar et al., 2020; De Guevara et al., 2022). Ambient 

seismic noise is mainly composed of surface waves and therefore should have sources 

generating it from close to the Earth’s surface (Stehly et al.,2006).  Bonnefoy-Claudet et al. 

(2006b) highlighted that the frequency of ambient noise is dependent on its source. The sources 

may be natural such as tides, the force of waves striking the coast, effects of wind on buildings 

and trees. Cars, trains,  huge machines, and even footsteps all contribute to ambient vibrations 

(Bonnefoy-Claudet et al., 2006a; Molnar et al., 2007a). Ambient noise occurs due to a large 

variety of sources and hence has a wide frequency range (0.02 Hz to 50 Hz). This characteristic 

allows it to be applied to explore depths of more than 100 m (Horike, 1985; Molnar et al., 

2007a). 

2.6.2 Fundamental Site Frequency and Fourier Transforms 

When there exists a noticeable enough impedance contrast between layers in a layered site, the 

nature of waves propagating through them is changed significantly (Talha Qadri et al., 2015). 
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The propagating waves through the site can also be significantly amplified if their frequency 

matches the fundamental site frequency (Abdel-Rahman et al., 2012; Gospe et al., 2020; 

Ranjan, 2005). The main focus of most seismic hazard analyses is to investigate the degree and 

magnitude of change offered to the propagating wave by soft sediments concerning hard rock 

underneath (Hunter et al., 2002; Talha Qadri et al., 2015). At two different depth levels, the 

ratio of the Fourier amplitude spectra for the two depths provides the Empirical transfer 

functions of the site (Teague et al., 2018; Van Ginkel et al., 2022). The Fourier transforms are 

used to convert the time domain signal recordings to the frequency domain where the complex 

signal is broken down to allow identification of dominant frequencies (Shatkay, 1995).  These 

dominant frequencies correspond to the fundamental site frequency of the ground. Knowledge 

of the fundamental site frequency is critical for assessing potential seismic hazards to structures 

in the area.   

2.6.3 Horizontal / Vertical Spectral Ratio (HVSR) 

The horizontal-to-vertical spectral ratio method has been shown by a lot of researchers to be 

capable of identifying the fundamental resonance frequency and to an extent the amplification 

factor of sediments (Bonnefoy-Claudet et al., 2006a, 2006b; De Guevara et al., 2022; Field & 

Jacob, 1993; Horike, 1985; Konno & Ohmachi, 1998; Molnar et al., 2007a; Nakamura, 2000; 

Parolai et al., 2004; Talha Qadri et al., 2015). Also known as the Nakamura method, it is based 

on a few assumptions which he highlighted in his 1989 publication. The microtremors observed 

at the surface are considered to be composed of both body and surface waves with unclear 

proportions and this leads to one of the assumptions of the method which suggests that the 

surface waves are mainly composed of Rayleigh waves. According to Bonnefoy-Claudet et al. 

(2006b) several authors have attributed the surface waves of microtremors to be mainly due to 

Rayleigh waves. Other articles have also shown that the peak period obtained using the HVSR 

of microtremors is related to that obtained when using the Fundamental-Mode Rayleigh waves 
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(Konno & Ohmachi, 1998; Lermo & Chavez-Garcia, 1993; Mulargia & Castellaro, 2016; Piña-

Flores et al., 2020). One other assumption of the method is that the amplification effect comes 

about because the ground is layered and there is a soft sediment layer covering a rocky hard 

layer (De Guevara et al., 2022; Suhendra et al., 2018; Talha Qadri et al., 2015; Ullah & Prado, 

2017).  

 

Figure 14 A typical geological structure based on the Nakamura technique (Nakamura, 2000; Onyebueke et al., 

2017) 

Figure 14 demonstrates a typical sedimentary basin as used in the assumptions of Nakamura 

(2000). Four motion components’ amplitude spectra are taken into account in these 

circumstances; two components of motion for both vertical and horizontal components are 

captured in the rock and on the surface (Hf, Vf, Hb, Vb). The ratio of horizontal motion at the 

surface to the bedrock can be used to assess the amplification properties of the horizontal 

motions; this relates to the site effect (Hf/Hb) and is of earthquake engineering interest (De 

Guevara et al., 2022; Lermo & Chavez-Garcia, 1993). It is, however, difficult to determine the 

resonance frequency for the surface layer considering just this because the spectra reveal 

several peaks. The several peaks result from microtremors consisting of several surface waves 

which influence the spectra (De Guevara et al., 2022; Molnar et al., 2007a; Nakamura, 2000, 

2019). Since Rayleigh waves are thought to have strong vertical component motion, the ratio 

of vertical motion at the surface and bedrock (Vf/Vb ) reduces the influence of Rayleigh waves 
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and is related to the amplitude effect of the source (De Guevara et al., 2022; Lermo & Chavez-

Garcia, 1993). A modified site effect function which emphasizes the effects of several 

horizontally polarizing shear wave (SH) reflections, and reduced peaks caused by Rayleigh 

waves can be obtained by dividing Hf/Hb  by Vf/Vb (De Guevara et al., 2022; Molnar et al., 

2007a; Nakamura, 2000, 2019). P-wave velocity is generally faster than the SH (shear 

horizontal) wave and hence travels through the surface in a comparatively shorter time. There 

is essentially less to no amplification caused by the layers of P-waves at the resonance 

frequency of the SH-waves; in effect, vertical component motion cannot be amplified at the 

frequency band where the horizontal component is amplified significantly (Nakamura, 2000, 

2019; Rošer & Gosar, 2010). This makes significant alteration to the modified site effect 

function as the ratio of vertical motions between the surface layer and the bedrock 

approximates unity in the said frequency band. The modified site effect function now takes the 

form Hs/Vs; the horizontal-to-vertical spectral ratio is also known as the Nakamura ratio. The 

spectra reveal a stable peak which is the fundamental site frequency. For HVSR, microtremors 

are recorded with a three-component seismometer; two orthogonal horizontal components 

(North-South and East-West) and one vertical component (De Guevara et al., 2022; Molnar et 

al., 2007a; Parolai et al., 2004; Rošer & Gosar, 2010; Tanjung et al., 2021). 

2.6.4 Sedimentary Thickness 

Nakamura, through boring surveys, established a relation between the average shear-wave 

velocity of the soft surface layer (Vs), the thickness (h), and the fundamental resonance 

frequency (f), (f = Vs /4h)(Nakamura, 2000, 2019; Rošer & Gosar, 2010; Tanjung et al., 2021; 

Tian et al., 2019). Seht & Wohlenberg (1999) used a nonlinear regression model to arrive at an 

equation that shows that the fundamental site frequency (f) of a surface layer is directly related 

to its thickness (h); h = afb where a and b are adjustable correlation coefficients.   
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2.6.5 Vulnerability Index (Kg-values) 

Earthquake damage depends on the strength, period, and duration of seismic motions 

(Nakamura, 1996). These parameters, however, are to a large extent influenced by subsurface 

characteristics as well as structures (Nakamura, 1996, 2000, 2019). Problematic sites as has 

been described, need to be identified with great urgency. Site investigations that lead to such 

inference need to be simple and fast but also consistent with other methods, especially in urban 

areas. A different parameter; the fragility index of the ground Kg (vulnerability index) has been 

proposed to evaluate the risk of liquefaction using HVSR (Nakamura, 2000). The passage of 

seismic waves through the subsurface may distort the structure of sediments. Loosely-packed 

soils may lose their strength during an earthquake and start to flow like a liquid, this process is 

known as liquefaction (Moustafa et al., 2022). Vulnerable and weak sites can be identified by 

examining seismic waves and their behaviour as they travel through the surface and even 

structures (Moustafa et al., 2022; Nakamura, 1996, 2000, 2019; Suhendra et al., 2018). In 

recent years, several reports have shown a good correlation between Kg values and earthquake 

damage (Moustafa et al., 2022; Nakamura, 1996, 1997). Kg of the surface ground and structures 

are obtained by considering shear strain (Huang & Tseng, 2002; Moustafa et al., 2022; 

Nakamura, 1996, 1997). The equation obtained for Kg is; Kg = Ao
2/fo; where Ao and fo represent 

respectively the peak amplification and fundamental site frequency (resonance frequency) 

obtained through the Nakamura ratio (Huang & Tseng, 2002; Moustafa et al., 2022; Nakamura, 

1996, 1997, 2000, 2019; Suhendra et al., 2018; Tanjung et al., 2021). 

2.6.6 Site-response zonation map  

The parameters of the various sites; resonance frequency fo and its corresponding amplification 

factor Ao and the vulnerability index Kg
 are used to generate a site response zonation map for 

further analysis. For areas within the selected area where Vs measurements exist, the 

sedimentary thickness can be estimated to help in further analysis.  
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This method has been used in the urban city of Fateh Jang in Pakistan by Talha Quadri et al. 

(2015) to analyze site response to earthquakes. The important local site parameters; 

fundamental frequency, 𝑓0, the amplitudes of the corresponding H/V spectral ratios, 𝐴0, and 

thickness were determined for 13 sites in the area. After the analysis, it was inferred that the 

site had a relatively low fundamental frequency ranging from 0.6 –  13.0 𝐻𝑧.  The 

corresponding H/V spectral ratio amplitudes also ranged from 2.0 −  4.0. The depth to bedrock 

was also extremely variable and ranged between 2.20 𝑡𝑜 238.50 meters. The guidelines 

described by SESAME (2004) were used to check the reliability of each of the 13 stations of 

which none failed. The low fundamental frequency and correspondingly greater alluvium 

thickness indicate a high seismic risk following the possible amplification that the site can pose 

to seismic waves. This information correlates with previous risk assessments conducted in the 

area and is very useful to policymakers and disaster management authorities. Well-informed 

mitigation strategies can now be devised in a bid to reduce future disasters.  

Onyebueke et al. (2017), employed the very reliable, cheap, and easy HVSR technique to 

access site effect characteristics of the topsoil in some areas in South Africa by deducing the 

fundamental frequency of the ground motion. The values from the stations that satisfied the 

H/V peak criteria according to the SESAME (2004) were used to estimate the thickness of the 

sedimentary cover and the vulnerability index. The fundamental frequency and amplification 

values ranged from 0.45 − 18.10 𝐻𝑧 and 1.10 − 3.13 respectively. The most vulnerable zones 

according to the method were those that showed low to high peak frequency values that ranged 

from 0.94 –  9.41 𝐻𝑧 and amplitudes 1.58 − 3.13 belonging to sites situated on alluvial sand, 

superficial deposits, and highly weathered surfaces, being most likely to amplify the ground 

motion. Sites situated on hard rocks showed flat H/V curves with low amplification factors of 

1.10 − 1.33. The fundamental frequency was also determined for data from the same site but 

University of Ghana http://ugspace.ug.edu.gh



39 
 

different times and seasons. This showed little to no variation, indicating that the parameter 

does not depend on time and season.  

De Guevara et al. (2022) researched to determine whether future construction works should 

consider soil characteristics in La Mesa de Macaracas, Panama. For 16 stations, measurements 

of ambient vibrations were made, analyzed, and used to determine the fundamental frequency 

and corresponding 𝐻/𝑉 ratio peaks. Class I consist of medium and hard soils. These soils 

recorded high predominant frequencies and lower spectral ratio values, indicating low 

amplification. Class II consists of soft sediments. These sediments were characterized by lower 

predominant frequencies and higher spectral ratio values, indicating high amplification. For 

future constructions, the research concluded that resonance could affect 3 to 5 storeys in the 

medium and hard rocks while in soft rocks, resonance will affect 6 to 14 storeys. The results 

obtained are very useful for civil engineering and structural analysis to inform on the choice of 

materials, site, and the general design of new construction works. 
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CHAPTER THREE  

METHOD  

3.1 Data Acquisition and Analysis 

The current study was carried out by collecting ambient noise from 14 different data points 

using the Taurus Trillium Nanometric as shown in Figure 15. The Trillium seismometer was 

placed in a stable and secure location on the ground at each site to achieve effective soil-to-

sensor connections for each reading and away from any artificial vibrations like heavy 

machinery. The ground was cleared of debris, vegetation, and any loose material. The three 

adjustable height feet and the levelling bubble work together to level and centre the sensor 

precisely. Proper alignment was also ensured by positioning the sensor such that the north-

south vertically scribed marks and the north-south case-top guide all point in the direction of 

the North using a compass (Figure 16). The system’s clock was then synchronized with GPS 

time. After this, the seismometer was protected from adverse weather conditions such as 

extreme temperature or rain using the insulated seismometer cover (Figure 15). A continual 

recording of ambient noise for about 10 to 20 minutes at a sample rate of 100 Hz was made 

taking into account the guidelines from the SESAME project (Marcellini, 2006). The GEOPSY 

software was used to process the data and calculate the h/v ratio after the recordings were 

downloaded from the seismometer. The ambient noise recordings are then imported into the 

software and reviewed for any obvious issues such as gaps, spikes, or periods of non-seismic 

noise to ensure good data quality. The orientations of the components (N-S, E-W, Z) are also 

reviewed to ensure that they are correctly recognized by the software    As shown in Figure 17, 

the recordings were then divided into low-noise 25-second windows using the short-term 

average (STA)/ long-term average (LTA) anti-trigger. STA was given a value of 2 s while LTA 

was given a value of 30 s with min STA/LTA and max STA/LTA thresholds of 0.2 and 2.5 

respectively. Cosine taper is applied at two ends of the selected signal window while processing 

ambient noise recording to overcome abrupt discontinuities that greatly affect the Fourier 
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spectrum (Chatelain & Guillier, 2013). Konno-Ohmaci smoothing option was applied to 

smoothen the Fourier amplitude spectra along with the Cosine taper. The ‘squared average’ 

option was used to combine the Fourier spectra of the horizontal components (Figure 17). 

These processing procedures were completed following the instructions in the Geopsy manual 

(Wathelet et al., 2020). The H/V is finally determined and the fundamental frequency,  

𝑓𝑜 and its corresponding amplification factor, 𝐴𝑜 are deduced from it. Data reliability was 

checked based on the conditions proposed by Marcellini (2006) which includes  

𝑓𝑜 > 10 𝐿𝑤⁄  , 𝑛𝑐 (𝑓𝑜)  > 200, (where 𝑛𝑐 =   𝑛𝑤 × 𝐿𝑤 × 𝑓𝑜) and 𝐴𝑜 > 2 (𝑙𝑤 = window length, 

𝑓𝑜 = H/V peak frequency, 𝑛𝑤 = the number of windows selected for the average H/V curve, 𝑛𝑐 

= the number of significant cycles, 𝐴𝑜 = H/V peak amplitude at frequency 𝑓𝑜 ). The parameters 

are then used to estimate the thickness 𝐻 of the sedimentary layer and the vulnerability index 

of the site. To show spatial variation of the results, interpolation by the Inverse Distance 

Weighted method was applied through the ArcGIS software. This was done by first importing 

a tabulation of the results with columns for coordinates into the ArcGIS software. These 

measurements were georeferenced. Separate interpolated surfaces were generated for the 

resonance frequency, amplification factor, sedimentary thickness and the vulnerability index.    
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Figure 15 Taurus Trillium Nanometric. (1) Nanometric Trillium seismometer (2) Insulating seismometer base (3) 

Insulated seismometer cover (4) GPS antenna (5) Nanometric Taurus datalogger (6) battery 

 

 

Figure 16  (A) Top view of the Trillium sensor showing the various alignment and leveling features; bubble 

level, north-south scribed vertical lines, and case-top guide (B) An illustration of the north-south scribed 

vertical being aligned to a north-south trending line. On the field, a compass is used. 
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Figure 17  Signal Processing using the GEOPSY software. 

 

Figure 18 (1) Window selection for three components of the ambient recordings. (2)A sample of the h/v curve 

after the processing 
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CHAPTER FOUR  

RESULTS AND DISCUSSIONS 

The horizontal-to-vertical spectral ratio analysis has been computed from ambient noise recordings 

for the 13 sites. Table 2 represents the results obtained for the fundamental site frequency and its 

corresponding amplification factor as well as the data reliability check as proposed by the 

SESAME project (Marcellini, 2006). The reading from Aburi was rendered unreliable because the 

amplification factor is less than 2. Table 3 shows the estimations of sedimentary thickness, 𝐻 and 

the vulnerability index, 𝐾𝑔 of each site from Table 2. 

Table 2 Reliability of frequency peaks/curves based on parameters defined by guidelines modified by (Marcellini, 

2006) 

Station Lat Long 𝑓𝑜 𝐴𝑜

> 2 

𝑓𝑜

> 10 𝑙𝑤⁄  

𝑛𝑤 𝑛𝑐  (𝑓𝑜)  > 200 =
 𝑛𝑤 × 𝑙𝑤 × 𝑓𝑜 

Comment 

Aburi 5.84 -0.18 0.73 

 

1.66 0.4 23 420.06 

 

UNRELIABLE 

 

Anyaa 

DL 

5.59 -0.29 6.75 3.13 0.4 23 3882.71 RELIABLE 

Ayikuma 5.77 -0.18 11.00 2.34 0.4 23 6328.22 RELIABLE 

LA 

C&W 

5.58 -0.16 4.06 2.17 0.4 23 2331.62 RELIABLE 

Labone 

SHS 

5.56 -0.16 9.40 2.90 0.4 23 5404.31 RELIABLE 

 

Lapaz 5.61 -0.25 11.02 2.02 

 

0.4 23 6335.01 RELIABLE 

NADMO 

HO 

5.58 -0.19 5.49 2.20 

 

0.4 23 3156.08 RELIABLE 

N-LN 

Bus 

Terminal 

5.69 -0.16 8.47 

 

2.70 

 

0.4 23 4869.84 

 

RELIABLE 

Odorkor 

SDA 

5.58 -0.26 10.12 

 

2.06 

 

0.4 23 5819.86 

 

RELIABLE 

Otinshiie 5.66 -0.15 6.44 3.11 0.4 23 3703.56 RELIABLE 

Pantang 

HOSP. 

5.72 -0.19 7.33 

 

2.49 

 

0.4 23 4212.80 

 

RELIABLE 

Social 

Welfare 

5.68 -0.16 7.79 

 

2.023 

 

0.4 23 4483.46 

 

RELIABLE 
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Tesano 

PS 

5.60 -0.22 4.95 

 

9.94 

 

0.4 23 2850.06 

 

RELIABLE 

 

 

 

Table 3 13 sites of data acquisition along with corresponding fundamental frequencies 𝑓𝑜, amplification factors 𝐴𝑜, 

thicknesses H and the vulnerability index 𝐾𝑔. 

Station Latitude Longitude 𝒇𝒐 𝑨𝒐 𝑯 𝑲𝒈(Ao
2/fo) 

Aburi 5.84 -0.18 0.73 1.66 175.75 3.81 

Anyaa DL 5.59 -0.29 6.75 3.13 5.58 1.45 

Ayikuma 5.77 -0.18 11.00 2.34 2.62 0.49 

LA C&W 5.58 -0.16 4.06 2.17 12.31 1.16 

Labone SHS 5.56 -0.16 9.40 2.90 3.34 0.87 

Lapaz 5.61 -0.25 11.02 2.02 

 

2.61 0.37 

NADMO, HO 5.58 -0.19 5.49 2.20 

 

7.69 

 

0.88 

N-LN Bus Terminal 5.69 -0.16 8.47 

 

2.70 

 

3.92 0.84 

Odorkor SDA 5.58 -0.26 10.12 

 

2.06 

 

2.98 0.42 

Otinshiie 5.66 -0.145 6.44 3.11 6.00 1.50 

 

Pantang HOSP. 

 

5.72 

 

-0.19 

 

7.33 

 

 

2.49 

 

 

4.91 

 

0.84 

Social Welfare 5.67          -0.16 7.79 

 

2.03 

 

4.46 0.52 

Tesano PS 5.60 -0.22 4.95 

 

9.94 

 

9.02 20.00 

 

4.1 Fundamental site frequency fo and Alluvium thickness estimates   

The fundamental site frequency values obtained after the analysis of the recordings from the 13 

sites are shown in Table 3. The values ranged from 0.73 𝐻𝑧 to 11.00 𝐻𝑧. The thickness over the 

area also ranged from 2.61 𝑚 to 175.75 𝑚. The least fundamental site frequency value occurred 
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at Aburi with a value of 0.73 𝐻𝑧, while Lapaz recorded the highest value of 11.02 𝐻𝑧. The highest 

fo corresponds with the lowest thickness and the lowest fo corresponds to the highest thickness. 

4.2 Amplification factor 𝐴𝑜 and Alluvium thickness estimates  

The amplification factor from the HVSR analysis ranges from 1.6 to 10.0. The least amplification 

recorded corresponds to the highest alluvium thickness. The highest estimated amplification factor, 

however, does not correspond to the maximum alluvium thickness. The thickness estimated at 

Tesano PS is 9.00 𝑚𝑒𝑡𝑒𝑟𝑠 which is comparatively deep (Table 3). 

4.3 Vulnerability Index, 𝐾𝑔 (𝐴𝑜
2/𝐾𝑔) 

The values from the estimation of the vulnerability indices range from 0.37 to 20.00. Tesano PS 

showed the highest reading of 20.00.  Lapaz recorded the lowest value of 0.37 (Table 3).  

4.4 Implications of H/V curves and fo concerning site characteristics 

Most instances in Literature indicate that H/V curves for soft soils have noticeable peaks while 

rocky sites appear nearly flat (Bonnefoy-Claudet et al., 2009; Bour et al., 1998; Fäh et al., 1997; 

Lermo & Chavez-Garcia, 1993). The presence of peaks suggests the possibility of amplification 

of seismic ground motion. The height of the peak indicates the degree of amplification of the 

ground motion at the corresponding resonance frequency (Lermo & Chavez-Garcia, 1993). The 

curves obtained during the study include clear single peaks, multiple peaks, flat peaks, and broad 

peaks as shown in Figure 19 and Figure 20. 
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Figure 19 H/V curves for the various sites 
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Figure 20 H/V curves for the various sites 
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4.4.1 Clear Peaks  

Clear and distinct curves correspond to the natural frequencies of the subsurface layers. A clear 

single peak has been exhibited in some sites such as the ones labeled Tesano PS and Otinshie 

among others as shown in Figure 19 and Figure 20. Such curves may be an indication of a single 

layer that presents a large impedance contrast and is usually likely to amplify ground motion. 

Higher peaks correspond to higher velocities, which may signify softer soils overlying a more rigid 

or denser rock (Bonnefoy-Claudet et al., 2009; Cruz et al., 1993; SESAME, 2004).  According to 

Bonnefoy-Claudet et al. (2009) and Lermo & Chavez-Garcia (1993), softer and less dense 

materials tend to have lower resonance frequencies and corresponding higher amplification, while 

stiffer and denser materials have higher resonance frequencies and lower amplification. Tesano PS 

appears to be the most vulnerable according to this analysis. 

4.4.2 Multiple Peaks 

The presence of multiple clear peaks may be an indication of the presence of multiple surface 

layers with varying shear wave velocities. Each peak represents the fundamental frequency of the 

distinct geotechnical layers (Lermo & Chavez-Garcia, 1993). The curve from Anyaa DL shows 

the most prominent double peaks (Figure 20). 

4.4.3 Broad Peaks 

Broad peaks may also be an indication of multiple layers with slightly different fundamental 

frequencies. It may also be an indication that amplification may occur over a large range of 

frequencies which are less distinct than the sharp multiple peaks(Lermo & Chavez-Garcia, 1993). 

LA C&W demonstrated a broad peak (Figure 19).  
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4.4.4 Flat Curves  

A flat curve may reflect a consistent site response that is less susceptible to amplification or 

resonance effects, it is typically regarded as being advantageous for seismic resilience. Flat curves 

may be due to a lack of resonance that suggests that there is an absence of an impedance contrast. 

It also suggests that the site is on solid bedrock. In effect, a uniform layer of soil extends over a 

range of depths(Lermo & Chavez-Garcia, 1993; SESAME, 2004). Aburi shows a flat curve (Figure 

20).  

4.5 Characteristic response of different lithologies 

 The different lithologies appear to show varying responses to seismic motion based on their H/V 

curves. In Figure 21, the spatial variation of fo and 𝐴𝑜 has been shown on a map of the basement 

rocks of the GAMA. The length of the bars indicates the magnitude of the fundamental frequency 

and amplification factor recorded at the site. The site of most interest is the Tesano PS which 

appears to be the most vulnerable because it has a smaller fundamental frequency but high 

corresponding amplification indicating soft soils. Its H/V curve peak also supports this (Figure 

20). Also, in Figure 23, the site in Tesano PS is on clayey sands.  

The site in Aburi shows both the lowest fundamental frequencies and corresponding amplification. 

Since the curve and values correspond to a zero-impedance contrast site, further analysis suggests 

that the ambient noise recording at that site might have been made on a hard outcrop which could 

be a basement rock on a high ground (Figure 22). Ayikuma is located just at the transition between 

the Togo and the Dahomain, and considering the contours, it appears to be on a relatively lower 

land. This may be the reason for the difference in site response there as there may be some settled 

shallow weathered rocks overlying the basement rock. Anyaa DL differs as its curve demonstrates 

distinct peaks suggesting a complex soil combination. In a modified residual soil map of some 
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parts of the GAMA, it is sited on a high quarzitic gravelly laterite. The H/V curve in Figure 20 

confirms this.  

 

Figure 21 Site Response Map for selected sites in the GAMA. 
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Figure 22 Site Response Map for selected sites in the GAMA showing contours 

Most sites are distributed in the Dahomeyan, and areas distributed in the central part of the lower 

Dahomeyan recorded values within a close range. Pantang HOSP, NLN Bus terminal, Social 

Welfare, and Otinshie have close fundamental sites and their corresponding amplification. In 

Figure 19, they all show similar curves. 

Odorkor SDA, NADMO Ho, Lapaz, LA C&W, and Labone SHS sites show some complexities 

with varying curves. Odorkor SDA and the Lapaz site showed almost similar curves and close 

values. They are both found on the earthy laterite which is clayey with little gravel in general. The 

site from NADMO Ho produced a single distinct peak with smaller peaks, in Figure 23 it is at the 

transition between highly quarzitic gravelly laterite and sandy clay. It may contain soils from both 

sides and that explains the peaks on the curve (Figure 19). LA C&W is located also on highly 
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quarzitic gravelly laterite but produced a broad peaked curve suggesting multiple layers of close 

fundamental frequencies. Labone SHS site may contain residual soils from the clayey sands and 

sandy clays resulting in small but distinct peaks on the curve. 

 

 

Figure 23 Engineering soils of some parts of the GAMA where data was recorded (modified after Nortey et al., 

2018) 

4.5 Implication of vulnerability index 𝐾𝑔 values 

The vulnerability index estimate is an important parameter that is employed to calculate the levels 

of rock solidity and rock structure characteristics (Huang & Tseng, 2002). Areas with high values 

are considered to have weak structures and hence soft soils. During earthquakes, such soils can be 

moved easily by the shaking. Tesano PS recorded the highest value and may be susceptible to high 

damage during earthquakes. Aburi recorded the second-highest 𝐾𝑔 value, but on highlands and 

along roadsides, such values show a risk of landslides and liquefaction.    
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4.6 Interpolation of obtained parameters  

The spatial extent of the parameters from Table 3 was obtained using the Inverse Distance 

Weighted (IDW) method from the ArcMap software. The study area has been divided into three 

different zones in terms of fundamental frequency  𝑓𝑜, amplification factor, 𝐴0, sedimentary 

thickness, 𝐻, vulnerability fact, 𝐾𝑔.  

 

Figure 24 Interpolated map representing fundamental frequency, fo, for the study area 

Zone 1 (grey) shows the lowest fundamental frequency values ranging from 0 –  4.0 Hz. Zone 2 

shows mostly intermediate fundamental frequency values ranging from 4.0 –  8.0 𝐻𝑧. Zone 3 

(darker shade) shows the highest fundamental frequency values greater than 8.0 𝐻𝑧 represented 

by the dark grey shade. The distribution of fundamental frequencies can inform building design 

and construction practices. Engineers and urban planners might use this information to design 
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structures with natural frequencies that avoid resonance with the local ground frequency, thereby 

reducing the risk of damage. Buildings in areas with fundamental frequencies matching their 

natural frequencies should be targeted first for upgrades to improve their resilience. Understanding 

the distribution of fundamental frequencies can assist in emergency response planning by 

highlighting areas where damage might be more severe in the event of an earthquake. 

 

Figure 25 Interpolated map representing the amplification factor, Ao, for the study area 

Zone 1(grey) has the lowest amplification factor values ranging from 0 –  3.0. Zone 2 has mostly 

intermediate amplification factor values ranging from 3.0 –  6.0 𝐻𝑧. Zone 3 (darker shade) has the 

highest amplification factor values greater than 6.0 represented by the dark grey shade around the 

Tesano PS site. The map highlights that this zone has the highest amplification factor and should 

be flagged for further investigation or mitigation strategies. Buildings in areas with high 
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amplification factors are more likely to suffer significant damage, especially if they are not 

designed to withstand increased shaking.  Areas in high amplification zones may require stricter 

building codes to ensure that structures are designed to withstand potential resonance effects. The 

map can also assist in emergency response planning. Knowing which areas will likely experience 

the most shaking can help prioritize evacuation routes, emergency services, and resource 

allocation.    

 

 

Figure 26 Interpolated map representing soil vulnerability index, Kg, for the study area 

Zone 1 (grey) has the lowest vulnerability index values ranging from 0 –  2.0. Zone 2 has mostly 

intermediate vulnerability index values ranging from 2.0 –  4.0.  Zone 3 (darker shade) has the 

highest vulnerability index values greater than 4.0 around the Tesano PS site. Areas in high soil 
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vulnerability index zones may need specific risk mitigation strategies such as soil stabilization 

techniques, deep foundation designs, or flexible building materials. Usually, in such areas, 

emergency management agencies prioritise earthquake preparedness drills, and public education 

campaigns among others. 

 

 

Figure 27 Interpolated Map representing sedimentary thickness, H, for the study area 

. 

Zone 1(grey) has the lowest sedimentary thickness values ranging from 0 –  35.0 𝑚. Zone 2 has 

mostly intermediate sedimentary thickness values ranging from 35.0 –  95.0 𝑚.  Zone 3 (darker 

shade) has the highest sedimentary thickness values greater than 95.0 𝑚. Generally, regions with 

thinner alluvium typically exhibit less amplification of seismic waves, as there is less 
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unconsolidated material to resonate with the seismic energy. Areas with thicker alluvial deposits 

are often associated with greater seismic wave amplification. This is because thicker, 

unconsolidated sediments tend to resonate more with seismic waves, potentially leading to higher 

ground motion.   
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CHAPTER FIVE 

CONCLUSION AND RECOMMENDATIONS 

The fundamental frequency, fo, amplification factor, 𝐴𝑜, depth to bedrock 𝐻, and the vulnerability 

index 𝐾𝑔 were estimated for 13 sites in the GAMA using the horizontal-to-vertical spectra ratio 

analysis of ambient noise. These estimates are important to understanding and assessing seismic 

risk in the study area. The interpretation of the H/V curve revealed four major patterns from the 

sites: clear single peaks, multiple peaks, and broad and flat peaks. The peaks correspond to major 

different seismic responses. The site in Aburi showed the smallest fundamental frequency and a 

flat curve indicating the least amplification to seismic waves. The site contains hard rock and is 

the least vulnerable among the sites. The vulnerability index estimation, however, indicates that is 

not the least vulnerable to liquefaction. Tesano PS revealed a single clear peak and the highest 

amplification factor indicating soft soils which are highly vulnerable to destruction than the other 

sites. The vulnerability index estimates are in clear agreement with this. There is evidence to 

support intuitive theories that higher seismic risk exists in areas where clay layers are present. The 

other sites can be classified as medium rocks comparing them to the ones at Tesano PS (soft) and 

Aburi (hard). They showed broad and multiple peaks which also inform about the seismic 

properties of the sites. Estimating such site effect parameters is the first essential stage in the 

mitigation of seismic hazards. To develop effective mitigation techniques to lessen the effects and 

reduce the damages caused by this natural hazard, policymakers and disaster management 

authorities will find the study’s findings to be of great value. Clear peaks can therefore be used as 

an inference for seismic behavior and help inform engineering decisions to mitigate earthquake-

related risk. 
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