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ABSTRACT 

The Multi-channel Analysis of Surface Waves (MASW) was employed at the Ahmadu Bello 

University, Zaria Phase II site to characterize the site for foundation studies. The dispersive 

nature of the Rayleigh wave was used to estimate the average shear wave velocities (down 

to 30 m) of the site, using both the 1-dimensional (1D) and 2-dimensional (2D) shear wave 

velocity models. The average shear wave velocity distribution of the site shows that the soil 

thickness increases eastwards. Employing the borehole log data and shear wave velocities of 

soil/rock as control, the 2D models reveal a first layer (topsoil and laterite) with shear wave 

velocity (𝑉𝑠) in the range of 158 to 290 m/s and corresponding thickness of 0 to 6 m. The 

second layer (clayey sand) shows a  𝑉𝑠 of 180 to 270 m/s with a corresponding thickness 

range of 2 to 7 m. The third layer, which is the weathered basement shows a 𝑉𝑠 of 250 to 500 

m/s and a thickness range of 4 to 18 m. The fourth layer (fractured basement) has a thickness 

of 2 to 8 m and 𝑉𝑠 of 400 to 650 m/s. The fifth layer with the highest 𝑉𝑠 (> 650 m/s) is assumed 

to be the fresh basement (bedrock), which was delineated at 24 m depth in some of the areas. 

The average Vs30 obtained for the site varies between 273.5 m/s to 446.2 m/s, which reveals 

the site class of C and D following the National Earthquake Hazard Reduction Program 

(NEHRP) provision. Following this provision, the site is can be assumed for engineering 

construction. Nonetheless, we recommend that the clayey material observed should be 

excavated or densified (perhaps using rock chips) before embarking on construction on the 

site. 
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CHAPTER ONE 

INTRODUCTION 

1.1 General Overview 

Site characterization is a process that entails developing an understanding of the geologic and 

engineering properties of a site. In the process of characterizing a site, priority is given to 

cost-benefit (Bowles, 1984). Although, there have been advancements in the field of 

engineering geology sequel to soil data collection (in-situ). Nonetheless, the result obtained 

(upon analysis) reveals the condition of the subsurface limited to the portion or area under 

examination. however, when considering engineering design purposes, data must be obtained 

for a whole soil mass. Undetected anomalies, either natural or man-made can invalidate the 

earth’s assumptions usually adopted during geotechnical data analysis (Abubakar et al., 

2020). Stumbling upon an anomaly when a site is already at the development stage, perhaps 

the construction stage can disrupt a project, or may result in additional cost or labour. 

To curb some of these challenges resulting from data collection at points, which is the 

conventional geotechnical field operations, there is a need to bridge the gap in a cost-

effective, swift, and snappy manner. 

Geophysicists have made several advancements in near-surface analytical methods to 

imaging subsurface conditions.  According to steeples (2001), these advancements in 

geophysical data acquisition and interpretation have proven geophysical surveys to be very 

effective and cost-efficient in engineering projects. The multi-channel analysis of surface 

waves (MASW) is a geophysical method that operates upon seismic principles. It uses the 

Rayleigh type surface waves to estimate the shear wave velocity of soil or rock under 
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investigation. It has been proven to be consistently reliable in site characterization (Long and 

Donohue, 2007; Neelima and Rao, 2008; Mohamed et al., 2013; Yilmaz, 2015; Anand and 

Parul, 2018).  

Subsurface instabilities and foundation failure assessment are of great concern to engineers 

and geoscientists all over the world. In the Zaria area, many buildings are affected by 

foundation-based structural defects, usually as a result of the poor subsurface conditions, 

which have sometimes led to the collapse of the affected parts of buildings (Egwuonwu and 

Osazuwa, 2011). The Foundation of any structure is meant to transfer the load of the structure 

to the ground without causing the ground to respond to an uneven and excessive movement 

(Blyth and Freitas, 1984). In order to achieve this, one must understand the characteristics 

and distribution of the subsurface layers and also the probable cause of the rampant failure 

of building foundations due to subsurface movements that give rise to cracks in buildings. 

Foundation studies of a site using the appropriate geophysical methods and giving the 

acquired data a substantial analysis and interpretation will give an insight into the subsurface 

condition and its aerial information.  
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1.2 Location of the Study Area 

The study area is the Ahmadu Bello University, Zaria Phase II site  (Figure 1.1). 

 

Figure 1.1: Layout Plan of the Study Area (After Physical Planning and Municipal Services, 

ABU Zaria, 2017). 
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1.3 Geology of the Study Area 

The Zaria area is underlain by Basement rocks of Precambrian age. They are mainly granites 

and gneisses but also include rock types such as schist and quartzite (McCurry, 1970). Bands 

of migmatite are mostly confined to the granite gneiss boundary. The crystalline rocks of the 

Zaria area are part of the Nigerian Basement Complex that covers the western part of the 

country. Several workers on the Nigerian Basement Complex (including Truswell and Cope, 

1963; Oyawoye, 1964) established its relationship with the West African Basement. This is 

as a result of the entire region been involved in a single set of orogeny, which is the Pan 

African orogeny. Oyawoye (1964) reported that at least two major phases of deformation 

affected the Nigerian Basement (study area inclusive).  

The study area is predominated by Biotite Gneiss (Figure 1.2) which extends westwards to 

form a gradational boundary with the Quartz-Mica Schist and extends eastwards, which is 

occasionally broken up by similar older granites (McCurry, 1970). The outcrops are mostly 

in stream valleys, where they are deeply weathered. The gneiss complex are medium to 

coarse-grained and are moderate to weakly foliated rocks. They are principally composed of 

quartz, oligoclase, and mica (Wright and McCurry, 1970).  The area represents part of the 

Kubanni river basin (Figure 1.2). The superficial deposits that cover most of the basement 

rocks in the basin act as recharge areas where they are underlain by weathered basement 

(Eigbefo, 1978), water percolates through them to the main aquifer (the weathered basement). 

The superficial deposits consist of the Older laterite and the Quarternary deposits. Tokarski 

(1972) classified the elements of the Quarternary deposits in the area as Aeolian cover, Upper 

Savannah Loam, Lower Savannah Loam, and Younger Laterite. 
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Figure 1.2: Geological Map Showing the Study Area (After McCurry, 1970). 

The superficial deposits cover almost everywhere within the weathered basement (Wright 

and McCurry, 1970). Some exposure reveals sections of lateritic soil, measuring up to 3 m 

in thickness around the study area. 

1.4 Statement of Problem 

Poor knowledge of the subsurface condition is a potential threat to engineering structures. 

The failure of building structures within the Zaria area has been attributed to be a result of 

poor subsurface conditions (Egwuonwu and Osazuwa, 2011). This structural failure has 

sometimes resulted in the loss of lives and properties (Premium times, 2018). 
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Data collection at points, of the customary geotechnical field operation, can be accurate but 

lacks spatial resolution. This is because the information obtained upon analysis reveals only 

the condition of the portion examined.  There is every possibility for undetected anomalies 

within the subsurface to disrupt or pose threat to engineering structures that would be 

erected.   

1.5 Justification for the Research 

The phase II site, ABU, Zaria is a site where lots of engineering structures would be erected. 

The need for pre-foundation studies has therefore become imperative as the knowledge of 

the subsurface conditions will serve as a guide to engineers on the building foundation, the 

architect, and the chief planner on the proper design for the engineering site.  

1.6 Aim and Objectives 

This work aims to evaluate the stability of soil to host engineering structures sequel to the 

foundation at the ABU (Phase II) site, using Multi-channel Analysis of Surface Waves 

(MASW). Below are the objectives to achieving the aim; 

1. To generate 1D and 2D shear wave velocity model of the subsurface layers to a depth 

of 30 m and to estimate its average shear wave velocity.  

2. To produce a shear wave velocity map of the survey area.  

3. To classify the site following the National Earthquake Hazards Reduction Program 

(NEHRP) Provisions on mean shear-wave velocity down to 30 m (Vs30). 
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CHAPTER TWO 

LITERATURE REVIEW 

2.1 Previous Works on MASW Survey  

Lin et al. (2004) assessed the soil liquefaction potential at several sites in central-western 

Taiwan using the MASW method. Conclusively, they emphasized the MASW imaging being 

an effective tool for estimating the extent of potential liquefaction hazard.  

Watabe and Sassa (2008) used the MASW method in the identification of a tidal flat 

stratigraphy and its geoenvironmental interpretation. The result obtained by the MASW was 

consistent with the morphological soil structures that manifested themselves under relevant 

geoenvironmental dynamics. 

Anbazhagan and Sitharam (2006) evaluated the dynamism in the properties of soil using the 

MASW method and established a correlation with the standard penetration test of the soil. 

Mohamed et al. (2013) carried out site-specific shear wave velocity investigation for 

geotechnical engineering applications using seismic refraction and 2D MASW. This was 

done to quantify the near-surface seismic properties (P- and S-wave velocities, and the 

dynamic elastic properties) with respect to the depth at a specific area. The VS30 was obtained 

using the MASW technique and the studied area demonstrates site classes of C and D 

following the National Earthquake Hazard Reduction Program (NEHRP). The layering from 

the models generated demonstrates a top layer of medium to coarse sand with a shear wave 

velocity (Vs) range of 250-350 m/s. The second layer (i.e. clayey sand) has a Vs of about 200 

m/s. The third layer is gravely-coarse sand with Vs in the range of 400 – 500 m/s. The fourth 

layer has a Vs of 650 m/s which is dense coarse sand. The fifth layer with a high Vs > 1300 
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m/s is assumed to be the bedrock velocity. Anand and Parul (2018); Ashraf et al. (2017); 

Neelima and Rao (2008); Long and Donohue (2007) also employed the MASW method in 

site characterization.  

Collins (2014) investigated the safety of the dam, Ahmadu Bello University using the MASW 

method. The obtained values were compared with the normal range of dam embankment, 

which he concluded that the dam embankment is in a good condition and also that an MASW 

method is an effective tool in characterizing the strength of material for engineering. 

Duffy et al. (2014) used the MASW to delineate fault avoidance zones and correlated the 

MASW survey’s result with geotechnical parameters obtained from the survey area. 

Kalinina and Ammosov (2015) used the MASW for solving seismic micro-zonation 

problems in different locations of the Russian Federation. The results obtained from the 

MASW method were stable for the complex geological sections. Anukwu et al. (2017) also 

utilized the MASW method in characterizing a complex geological terrain. 

2.2 Other Related Geophysical Works 

Chiemeke and Osazuwa (2007) applied the seismic refraction method in imaging the 

subsurface within the Basawa area of Zaria. From the result obtained, the depth of the fresh 

basement was estimated to be about 17.09 m. 

Jimoh (2011) employed the electrical resistivity method at the Ahmadu Bello University 

wastewater treatment site. From the result obtained, the weathered basement was delineated 

to be in a range of about 5.3 to 24.6 m, the fractured basement at about 23 m, and the fresh 

basement at about 27.5 m. 
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Egwuonwu et al. (2011) carried out a geophysical assessment of foundation depths around a 

leaning superstructure in the Zaria area using Electrical Resistivity Tomography (ERT). The 

result of the tomogram reveals that the vertical, diagonal, and horizontal cracks which are 

shown on most parts of the building walls were a result of failure entrenched on the 

subsurface. Adewoyin et al. (2017); Arjwech and Everett (2015); Ayolabi et al. (2012); Kabir 

et. al. (2011) also utilized the 2-D Electrical resistivity method for geotechnical investigation.  

2.3 Seismic Method 

Seismology is the study of Earthquakes and seismic waves that move through and around the 

Earth. Seismic waves are the waves of energy caused by the sudden breaking of rock within 

the Earth or an explosion. They are the energy that travels through the Earth which is recorded 

on a seismograph. Seismic waves induce elastic deformation of particles (i.e. a type of 

deformation that vanishes upon removal of the stress that caused it) (Yilmaz,2015), 

represented by an infinitesimally small volume around a point, within the rock and soil 

column along the propagation path in the subsurface. There are two main types of seismic 

waves; body waves and surface waves. 

Body waves are the fastest kind of seismic wave. It travels within solids and fluids. Body 

wave propagation gives rise to reflection, diffraction, and refraction phenomena. There are 

two types of body waves, namely; the P-waves and the S-waves (Yilmaz, 2015).  

P-waves (or equivalently, longitudinal waves, compressional waves, or dilatational waves), 

for which the displacement of particle associated with it is in the direction of propagation 

(Figure 2.1a); compressional stress causes a change in the particle dimension or volume. The 

more the rock or soil column resists the compressional stress, the higher the compressional 

wave velocity. S-waves (or equivalently, transverse waves, shear waves, or rotational waves), 
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for which the displacement of particles is in the direction perpendicular to the direction of 

propagation (Figure 2.1b); the displacement can be horizontally transverse (SH-wave) or 

vertically transverse (SV-wave) to the direction of propagation (Yilmaz, 2015). Shear stress 

causes a change in the particle shape. The more the rock or soil column resists the shear 

stress, the higher the shear-wave velocity. 

 

Figure 2.1 Elastic deformations and ground particle motions associated with the passage of 

body waves. (a) P-wave. (b) S-wave. (From Bolt 1982). 

The relationships between the physical properties and the velocity of the wave propagation 

are independent of the frequency of the waves. Body waves are non-dispersive; which 

implies that all frequency components in a wave train travel through any material at the same 

velocity, determined only by the elastic moduli and density of the material. 
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Surface waves are known to propagate along the free surface and the boundary of a solid 

(bounded elastic solid) whose depth of penetration is wavelength dependent; which implies 

that the longer the wavelength the deeper portion of the earth is influenced (Figure 2.2a). 

Surface waves are characterized as dispersive (Figure 2.2b); which implies, each frequency 

component travels at a different speed. This dispersion is directly attributable to the variation 

of velocity with depth in the interior of the Earth. There are two types of surface waves 

namely, Rayleigh waves and Love waves. 

Rayleigh waves travel along the free surface associated with an elastic layer over an elastic 

half-space and give rise to particle motion that is in a vertical plane that contains the direction 

of wave propagation (2.3a). Particle motion is elliptical, retrograde, and prograde with 

respect to the direction of propagation (Rayleigh, 1885). Rayleigh waves are coupled P- and 

SV-waves trapped within the near-surface traveling in the horizontal direction along the free 

surface. Love waves travel along the free surface associated with an elastic layer over an 

elastic half-space and give rise to particle motion that is horizontal and transverse to the 

direction of propagation (Figure 2.3b). Love waves are SH-waves trapped within the near-

surface traveling in the horizontal direction along the free surface. They are polarized shear 

waves, which are second sets of surface waves generated when the surface layer shear wave 

velocity is lower than that of the underlying layer. 

Surface waves are restricted to a low-velocity near-surface layer, for example; a soil column. 

Surface waves travel in a horizontal direction with frequency-dependent phase velocities 

(Yilmaz, 2015). This type of propagation of waves makes the surface waves dispersive in 

nature. The phase velocities for surface waves are less than P-wave velocities and equal to 

or less than S-wave velocities (Bolt,1993). 
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Figure 2.2: Surface waves (a) longer wavelength surface waves influence deeper depth of 

subsurface materials (b) illustrating seismic velocity increasing with depth, longer 

wavelengths (lower frequencies) of surface waves penetrating deeper depths travel with 

faster velocity than shorter wavelengths (higher frequencies) do. Thus, different frequencies 

arrive at different times on a seismic record, making a dispersive seismic event. (after Park, 

2019). 
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Figure 2.3: Elastic deformations and ground particle motions associated with the passage of 

surface waves (a) Rayleigh wave. (b) Love wave (From Bolt 1982). 

2.3.1 Application of the seismic method 

The seismic method is applied in three different categories. Firstly, earthquake seismology, 

of which is used to investigate the deeper interior and the Earth’s crustal structure. Secondly, 

exploration seismology, of which it is applied to the exploration and development of oil and 

gas fields. Lastly, engineering seismology. Here, it is applied to the delineation of near-

surface geology for site investigations, groundwater, mineral, and geothermal exploration. 

The seismic method uses refraction, reflection, and diffraction phenomena associated with 

body-wave propagation, and the dispersive phenomenon associated with surface wave 

propagation for the aforementioned applied seismology. For this research, emphasis will be 

laid on engineering seismology.  
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In engineering seismology, for site investigation required for civil engineering structures, the 

Rayleigh wave or Love wave dispersion curves are used to estimate an S-wave velocity-

depth model for the soil column. The surface wave dispersion is also used in detecting karst 

cavities within shallow bedrock. The first arrival times associated with the refracted waves 

are used to estimate a P-wave velocity-depth model and shallow reflections to derive a 

seismic image for the near-surface (Yilmaz, 2015). Thence, we can delineate the geometry 

of the layers and faults within the soil column and the geometry of the soil-bedrock interface. 

Considering the horizontal scale of recording in the application of seismology, it is on the 

order of thousands of kilometers around the globe in the case of earthquake seismology, 

several kilometers in the case of exploration seismology, and several tens of meters in the 

case of engineering seismology. Also, the scale observation time is on the order of several 

hours, several seconds, and only a second in the case of earthquake seismology, exploration 

seismology, and engineering seismology respectively. In all three cases, Rayleigh waves 

exhibit themselves in the form of a prominently dispersive wave package. There is also a 

difference in scale with respect to the thickness of the near-surface layer. In engineering 

seismology, the near-surface is defined as the layer below the free surface with a few tens of 

meters of thickness (Yilmaz, 2015), it is usually composed of a soil column of fine-grained 

material (silt, clay, and sand), coarse-grained material (gravel, cobble, and conglomerate), 

and it may also include low velocity, unconsolidated, heterogeneous, highly weathered, and 

poorly cohesive rocky soil. Unlike the earthquake and exploration seismology which the 

near-surface is considered to be approximately 30km (i.e. the Earth’s crust) and 300m thick 

respectively (Yilmaz, 2015). The subsurface, which is often referred to as the bedrock, is 

composed of relatively high-velocity consolidated layers of crystalline and sedimentary 

rocks. The bedrock in engineering seismology is referred to as geotechnical bedrock, while 
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in exploration seismology, it is referred to as geological bedrock. Specifically, when a shear 

wave velocity of 700m/s is reached in a soil column, it is assumed to have entered the 

geotechnical bedrock, which does not require any soil remediation. Coincidentally, this 

velocity often corresponds to a depth of nearly 100 ft or 30 m (Yilmaz, 2015). Hence, a 

significant seismic parameter for the geotechnical engineer is the mean shear wave velocity 

VS30 within a soil column of 30 m thickness. 

2.3.2 The Theory of Elasticity 

Seismic waves are generally regarded as elastic waves because they induce elastic 

deformation. the term “elastic” refers to the kind of deformation that vanishes upon removal 

of the stress that causes it. The term “deformation” refers to the alternating compression and 

dilatation that take place as the particles respond to forces associated with the propagated 

waves (Telford et al., 1990). Since this propagation depends upon the elastic properties of 

the rocks, the basic concept of elasticity becomes imperative to be understood. 

The theory relates the forces which are applied to the external surface of a body to the 

resulting changes in size and shape. The relation between the force applied and the 

deformations are most conveniently expressed in terms of the concept of stress and strain. 

Stress is force per unit area. Considering a particle represented by an infinitesimally small 

volume around a point within a solid body with dimensions (𝑑𝑥, 𝑑𝑦, 𝑑𝑧) as illustrated in 

Figure 2.4. The stress acting upon any of the surfaces, like 𝑑𝑦 − 𝑑𝑧, can be in some arbitrary 

direction.  
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Figure 2.4. stress components acting on an infinitesimally small volume surrounding a point 

within an elastic solid (after Sheriff and Geldart, 1982). 

The particle motion in any arbitrary direction resolved into three components – one which is 

normal to the surface (𝑃𝑥𝑥) and two which are tangential to the surface (𝑃𝑥𝑦 and 𝑃𝑥𝑧) (Figure 

2.3). The normal component of the stress is called the normal stress and the tangential 

components are called the shear stress. A normal stress component is tensional if it is positive 

and compressional if it negative. Fluids cannot support shear stress. In a fluid medium, only 

one independent stress component exists, which is the hydrostatic pressure (Yilmaz, 2015). 

Strain is the fractional change in dimension or volume induced by stress. Strain is a 

dimensionless quantity. The stress field away from the typical seismic source is so small that 

it does not cause any permanent deformation on rock particles along the propagation path. 

Hence, the strain induced by seismic waves is very small, usually around 10-6 (Yilmaz, 2015). 

Considering two points, P and Q, within a solid body as indicated in Figure 2.5 
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Figure 2.5: Two points P and Q within a solid body subject to a stress field. The solid is 

deformed in some manner and the particles at points P and Q are displaced to new locations 

P' and Q'. if we define u, v, and w, as the components of displacement for point P, then the 

components of displacement for point Q are u + 𝜕𝑢, v + 𝜕𝑣, and w + 𝜕𝑤.  

Consider the deformations of specific types illustrated in Figure 2.6. The simplest 

deformation is the extension in one direction as a result of tensional stress in Figure 2.6a (For 

simplicity, only the surface of the volume in Figure 2.4 is considered). The fractional change 

in length in the x-direction is 𝜕𝑢 𝜕𝑥⁄  which, in the limit as the volume becomes 

infinitesimally small, is defined as the normal strain component. The fractional change in 

length in a given direction is defined as the principal strain component. A positive strain 

refers to an extension and a negative strain refers to a contraction. Other types of deformation 

are caused by shearing (Figure 2.6b), rotation (Figure 2.6c), and a combination of the two 

(Figure 2.6d). These angular deformations are called shear strains because they result in the 

shearing of the volume around a point within a solid body (Figure 2.6b). 
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Figure 2.6. Deformation caused by stress acting on one surface of the volume in Figure 3.3: 

(a) Linear deformation that results in extension of the side AB in the x-direction by an amount 

BB' ; (b) shearing only; (c) rotation only; (d) combined angular deformation (α) and rotation 

(β). 
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Mathematically, The P-wave velocity (𝑉𝑝) is given by 

                                                        𝑉𝑝 = √
𝜆 + 2𝜇

𝜌
                                                                        (2.1) 

and the S-wave velocity (𝑉𝑠) is given by   

                                                          𝑉𝑠 = √
𝜇

𝜌
                                                                                 (2.2) 

where 𝜆 and 𝜇 are Lame’s constants and 𝜌 is density.  

Elastic moduli are quantities that measure an object or substance’s resistance to being 

deformed elastically when stress is applied to it. A stiffer material will have a higher elastic 

modulus (Yilmaz, 2015). The elastic moduli are material constants that describe stress-strain 

relations, below are some expressions for the elastic moduli: 

                                               𝐾 = 𝜆 +
2𝜇

3
                                                                                   (2.3𝑎) 

                                               𝐸 =
𝜇(3𝜆 + 2𝜇)

𝜆 + 𝜇
                                                                            (2.3𝑏) 

                                              𝜎 =
𝜆

2(𝜆 + 𝜇)
                                                                                (2.3𝑐) 

where 𝐾 is the bulk modulus, 𝐸 is Young’s modulus and 𝜎 is the Poisson’s ratio 

Conversely, the elastic parameters can be expressed as a function of P- and S-wave velocities: 

                                               
𝜆

𝜌
= 𝑉𝑃

2 − 2𝑉𝑆
2                                                                                (2.4𝑎) 

                                                   
𝜇

𝜌
= 𝑉𝑆

2                                                                                        (2.4𝑏) 
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Substituting equation 2.4a and 2.4b in 2.3a, 2.3b and 2.3c, gives equation 2.4c, 2.4d and 2.4e 

respectively. 

                                         
𝜅

𝜌
= 𝑉𝑃

2 −
4

3
𝑉𝑆
2                                                                                    (2.4𝑐) 

                                    
𝐸

𝜌
= 𝑉𝑆

2 (
3𝑉𝑃

2 − 4𝑉𝑆
2

𝑉𝑃
2 − 𝑉𝑆

2 )                                                                            (2.4𝑑) 

and 

                                    𝜎 =
𝑉𝑃
2 − 2𝑉𝑆

2

2(𝑉𝑃
2 − 𝑉𝑆

2)
                                                                                      (2.4𝑒) 

where 𝜆′ =
𝜆

𝜌
 and 𝜇′ =

𝜇

𝜌
 are the normalized Lame’s constants 𝜅′ =

𝜅

𝜌
 is the normalized bulk 

modulus, 𝐸′ =
𝐸

𝜌
 is the normalized Young’s modulus and 𝜎 is the Poisson’s ratio. 𝜇 is the 

modulus of rigidity which is also known as the shear modulus. It should be noted that the 

normalized elastic parameters with respect to density provide the relationship in terms of P-

wave and S-wave velocities. 

𝐸 is Young’s modulus, it is a measure of the stiffness of an elastic solid, such as a soil column. 

The stiffness is directly proportional to the resistance of the soil column, the larger the 

stiffness, the more the soil column resists elastic deformation. The equation (2.4d) it shows 

that the magnitude of 𝐸 depends strongly on the S-wave velocity than the P-wave velocity. 

Distinctively, the magnitude of 𝐸 is proportional to the square of the Shear wave velocity. 

Hence, a decrease in the S-wave velocity (𝑉𝑆) will result in a corresponding decrease in 

stiffness of the soil column. 
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The shear modulus/modulus of rigidity (𝜇) which is the object’s tendency to shear (the 

deformation of shape at constant volume) when acted upon by opposing forces, can be seen 

from equation (2.4b) that the magnitude of the modulus of rigidity is directly proportional to 

the  𝑉𝑆 and is independent of the P-wave velocity. Therefore, a decrease in the S-wave 

velocity will result in a corresponding decrease in the modulus of rigidity 𝜇, and therefore a 

significant decrease in resistance of the soil column to shear deformation. In order to increase 

the shear resistance of the soil column, one will have to increase the shear wave velocity by 

way of densification or precompression (Coduto, 1999). Equation (2.4b) and (2.4d) shows 

that the 𝑉𝑆 governs the behavior of the soil column when it is subjected to principal and shear 

stresses. This makes it evident that the most important parameter for the geotechnical 

engineer is the shear wave velocity (𝑉𝑆). 

Hooke’s law happens to be the foundation of linear elastic theory. To calculate the strains 

when the stresses are known, we must know the relationship between stress and strain. When 

the strains or the elastic deformations in solid are infinitesimally small, this relation is given 

by Hooke’s law, which states that each stress component can be expressed as a linear 

combination of all the strain components (Officer, 1958). The stiffness matrix {𝑐𝑖𝑗} relates 

the stress components to the strain components (equation 2.5a) (Officer, 1958). 

                     {𝑐𝑗𝑖} =

(

 
 

𝑐11
𝑐21
𝑐31
𝑐41
𝑐51
𝑐61

       

𝑐12
𝑐22
𝑐32
𝑐42
𝑐52
𝑐62

       

𝑐13
𝑐23
𝑐33
𝑐43
𝑐53
𝑐63

     

𝑐14
𝑐24
𝑐34
𝑐44
𝑐54
𝑐64

     

𝑐15
𝑐25
𝑐35
𝑐45
𝑐55
𝑐65

     

𝑐16
𝑐26
𝑐36
𝑐46
𝑐56
𝑐66)

 
 
                                              (2.5𝑎) 

The elements of the stiffness matrix are the elastic constants of an elastic solid. Because this 

matrix is symmetric, {𝑐𝑖𝑗} = {𝑐𝑗𝑖}, therefore there are 21 independent constants for a general 
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Hookean solid. These constants must be known to define the elastic properties of a medium. 

For an isotropic solid, the number of independent constants is reduced to two – Lame’s 

constants 𝜆 and 𝜇. Hence, the stiffness matrix given by equation 2.5a reduces to the special 

form (Yilmaz, 2015).  

                   {𝑐𝑗𝑖} =

(

  
 

𝜆 + 2𝜇
𝜆
𝜆
0
0
0

       

𝜆
𝜆 + 2𝜇
𝜆
0
0
0

       

𝜆
𝜆

𝜆 + 2𝜇
0
0
0

     

0
0
0
2𝜇
0
0

     

0
0
0
0
2𝜇
0

     

0
0
0
0
0
2𝜇)

  
 
                               (2.5𝑏) 

Now, substitute equations (2.4a) and (2.4b) to obtain 

     {𝑐𝑗𝑖} = 𝜌

(

 
 
 

𝑉𝑃
2

𝑉𝑃
2 − 2𝑉𝑆

2

𝑉𝑃
2 − 2𝑉𝑆

2

0
0
0

       

𝑉𝑃
2 − 2𝑉𝑆

2

𝑉𝑃
2

𝑉𝑃
2 − 2𝑉𝑆

2

0
0
0

       

𝑉𝑃
2 − 2𝑉𝑆

2

𝑉𝑃
2 − 2𝑉𝑆

2

𝑉𝑃
2

0
0
0

     

0
0
0
2𝑉𝑆

2

0
0

     

0
0
0
0
2𝑉𝑆

2

0

     

0
0
0
0
0
2𝑉𝑆

2
)

 
 
 
                  (2.5𝑐 

This is the stiffness matrix and its elements expressed in terms of P-wave (𝑉𝑃) and S-wave 

velocity (𝑉𝑆) with the density (𝜌) factored out. It states that the principal stress component 

depends on both 𝑉𝑃 and 𝑉𝑆, and the shear stress components depend only on 𝑉𝑆. 

For weak soils without cohesion, 𝑉𝑆 < <  𝑉𝑃. therefore, the equation can be further simplified 

as follows: 

          {𝑐𝑗𝑖} = 𝜌

(

 
 
 

𝑉𝑃
2

𝑉𝑃
2

𝑉𝑃
2

0
0
0

       

𝑉𝑃
2

𝑉𝑃
2

𝑉𝑃
2

0
0
0

       

𝑉𝑃
2

𝑉𝑃
2

𝑉𝑃
2

0
0
0

     

0
0
0
2𝑉𝑆

2

0
0

     

0
0
0
0
2𝑉𝑆

2

0

     

0
0
0
0
0
2𝑉𝑆

2
)

 
 
 
                                                   (2.5𝑑) 
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This equation states that, for weak soils without cohesion, the principal stress components 

depend only on 𝑉𝑃 and the shear stress components depend only on 𝑉𝑆 (Yilmaz, 2015). 

For fluids, the stiffness matrix is given by equation (2.5d) becomes 

                          {𝑐𝑗𝑖} = 𝜌

(

 
 
 

𝑉𝑃
2

𝑉𝑃
2

𝑉𝑃
2

0
0
0

       

𝑉𝑃
2

𝑉𝑃
2

𝑉𝑃
2

0
0
0

       

𝑉𝑃
2

𝑉𝑃
2

𝑉𝑃
2

0
0
0

     

0
0
0
0
0
0

     

0
0
0
0
0
0

     

0
0
0
0
0
0)

 
 
 
                                                    (2.5𝑒) 

This shows that fluids can only support principle stress (hydrostatic pressure). When soil is 

liquefied, it cannot support shear stress.  

The stiffness matrix expressed in terms of seismic velocities is meaningful if normalized by 

density. 

2.3.2.1 Huygens Principle 

The Huygens principle is derived from the principle of optics. It is applied to any kind of 

wave phenomenon. Huygens principle states that “All points on a wavefront can be regarded 

as point sources for the production of new spherical waves; the new wavefront is the 

tangential surface (or envelope) of the secondary wavelets”. This principle is used to derive 

the laws of reflection and refraction of seismic waves at an interface, and also to describe the 

process of diffraction by which a wave is deflected at a comer or the edge of an object in its 

path. The laws of reflection and refraction can be expressed using Huygens's principles. The 

law of reflection states that the angle of reflection (𝜃1) is equal to the angle of incidence (𝜃1). 

Furthermore, the incident ray reflected ray, and the normal all lie in the same plane (Figure 

2.7). 
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Figure 2.7: Reflected and refracted P-wave rays 

The law of refraction is also known as Snell’s law states that the ratio of the sines of the 

angles of incidence and refraction is equivalent to the ratio of phase velocities in the two 

media. Consequently, 

                                                  
sin 𝜃1
sin 𝜃2

=
𝛼1
𝛼2
                                                                                    (2.6) 
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2.3.2.2 Partitioning of seismic body waves at a boundary 

Considering a P-wave incident at an angle 𝑖𝑃 (Figure 2.8) on an interface between two media 

of acoustic impedance contrast (Z), which is defined as the product of the density and its 

wave velocity; thus, 𝑍 = 𝜌𝑉, the energy is partitioned at the point of incidence 𝑖𝑃 (Figure 

2.8). At this point of incidence, the earth material is not only compressed but also sheared 

(Aki and Richards, 1980; Bolt, 1993). As a result, the reflected and transmitted waves will 

be of both compressional and shear-type (Yilmaz, 2015). At non-normal incidence, the P-

wave is partitioned into four components at the interface (Figure 2.8): reflected P-wave, 

reflected SV type S-wave, transmitted compressional P-wave (refracted P-wave), and 

transmitted SV-type shear wave (refracted S-wave) (Aki and Richards, 1980; Udias,1999). 

Applying Snell’s law to both the reflected and the reflected and refracted P- and S-waves 

gives 

                                       
sin 𝑖𝑃
𝛼1

=
sin 𝑖𝑠
𝛽1

=
sin 𝑟𝑃
𝛼2

=
sin 𝑟𝑠
𝛽2

                                                          (2.7) 

It is also evident that an incident SV-type shear wave would also be partitioned into four 

components: reflected SV-type shear wave, reflected compressional P-wave, transmitted SV-

type shear wave, and transmitted compressional P-wave (Yilmaz, 2015). But the situation is 

different for an incident SH type wave, no mode conversion occurs at the interface (Aki and 

Richards, 1980), only reflected SH wave and refracted SH wave would be created. However, 

mode conversion can occur in the presence of a dipping layer (Xia et. al., 2002). 
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Figure 2.8: The generation of reflected and refracted P- and S-waves from a P-wave incident 

on a plane interface 

2.3.3 Surface Waves (Rayleigh type) 

As previously described, If the compressional wave energy is partitioned at the soil-bedrock 

interface, then the P-to-P reflected and P-to-SV mode-converted wave energy beyond the 

critical angle of propagation are trapped within the soil column and thereby, travel along the 

free surface in the form of Rayleigh waves with coupled P-SV-type particle motion-oriented 

in a vertical plane that contains the direction of wave propagation, and elliptical, prograde 
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and retrograde with respect to the direction of propagation (Yilmaz, 2015). This particle 

motion is also referred to as ground roll. 

The amplitudes of Rayleigh waves are strongly influenced by the geometry of the soil column 

and lateral heterogeneity within the soil column. The Rayleigh waves amplitude decays 

rapidly with depth. At the surface, the vertical component of seismographs would record 

strong Rayleigh waves. This implies that a seismograph would record strong surface waves 

at a soil site and virtually no surface waves at a rock site. The closer the source is to the free 

surface, the higher the surface-wave amplitudes. If a source is placed at a depth of 33m, in 

that case, no surface wave is generated (Yilmaz, 2015). 

2.3.3.1 Dispersion Spectrum 

The 2-D Fourier transform is a way in which one uses to decompose a wavefield into its 

plane-wave components, each with a unique frequency and each traveling at a unique angle 

from the vertical direction. Plane-wave decomposition of a wavefield, such as common shot 

gather, can be achieved by applying linear moveout and summing amplitudes over the offset 

axis. This procedure is called slant stacking (Claerbout, 1978). The slant stacking assumption 

is that of a horizontally layered earth model. Slant stacking replaces the offset axis with the 

ray parameter p  axis. A group of traces with a range of p values is called a slant-gather 

(Yilmaz, 2015). Each trace in a gather represents a plane wave that propagates at a certain 

angle vertically. For example, when an explosive source explodes, the energy propagates at 

all angles (Figure 2.9). 
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Figure 2.9: A seismic source (s) generates waves that propagate in all directions; waves 

traveling in different directions are recorded at different receivers’ locations (r). (After 

Yilmaz, 2001) 

 The reflected energy arrives at different receiver groups at different angles because of the 

offset between the source and receiver locations. The farther the offset or the shallower the 

reflecting interface, the more oblique the angle of the upcoming wavefront. This plane wave 

reflects from an interface and is recorded by a receiver at the surface. 

Slant-stack transformation 

The plane waves are synthesized, by the application of linear moveout (LMO) correction to 

the common-shot gather data 𝑑(𝑥, 𝑡) based on a coordinate transformation defined by  

                                                   𝜏 = 𝑡 − 𝑝𝑥                                                                              (2.8a)    

where 𝑝 is the ray parameter, x is the offset, t is the two-way travel time, and is the intercept 

time at 𝑝 =0. Next, the data are summed over the offset axis by 



29 
 

                                            𝑢(𝑝, 𝜏) =∑𝑑(𝑥, 𝜏 + 𝑝𝑥)

𝑥

                                                          2.8𝑏 

Where 𝑢(𝑝, 𝜏) represents a plane wave with ray parameter 𝑝 = sin 𝜃 𝑣⁄ . By repeating the 

LMO correction for a range of 𝑝 values and performing the summation in equation (2.8b), a 

complete slant-stack gather is constructed. A slant-stack gather, in practice, alternatively is 

referred to as the 𝜏 − 𝑝 gather, it consists of all the dip components within the specified range 

of p values in the original shot gather data 𝑑(𝑥, 𝑡). 

The discrete form of the slant-stack gather 𝑢(𝑝, 𝜏) can be written as 

                          𝑢(𝑝, 𝜏) =∑ 𝑢𝑘(𝑝)𝛿(𝜏 − 𝑘∆𝜏)

𝑥

, 𝑘 = 0,1,2… ,                                      2.9 

 

Where  𝑢𝑘(𝑝), for a trace with a given 𝑝 value, are the discrete samples of 𝑢(𝑝, 𝜏) along the 

time axis 𝜏, ∆𝜏 is the sampling interval and 𝛿(𝜏 − 𝑘∆𝜏) is the Dirac delta function 

                                     𝛿(𝜏) = {
1,                     𝜏 0⁄
0,        𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒 

                                                              2.10 

To compute the dispersion spectrum of 𝑑(𝑥, 𝑡), perform a discrete Fourier transform of 

𝑢(𝑝, 𝜏) in the direction of the time variable 𝜏, for each of the 𝑝 − 𝑡𝑟𝑎𝑐𝑒𝑠, 

             𝑢(𝑝, 𝜔) =∑ 𝑢𝑘(𝑝)𝑒𝑥𝑝(−𝑖𝜔𝑘∆𝜏)

𝑥

, 𝑘 = 0,1,2… ,                                           2.11 

Where 𝜔 is the Fourier dual of the time variable 𝑡. Next, compute the amplitude spectrum 

𝐴(𝑝, 𝜔) from the complex Fourier transform function 𝑢(𝑝, 𝜔) for each of the 𝑝-traces. 

Finally, take the inverse of the ray parameter 𝑝 = sin 𝜃 𝑣⁄  to map the amplitude spectrum 

𝐴(𝑝, 𝜔) to 𝐴(𝑐, 𝜔) , where 𝑐 = 1 𝑝⁄ , the horizontal phase velocity, and  𝐴(𝑐, 𝜔) is the 

dispersion spectrum of the shot gather data 𝑑(𝑥, 𝑡). 
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Computing the dispersion spectrum by way of slant-stack transformation is based on the 

horizontally layered earth assumption. Thus, the shear-wave velocity-depth profile estimated 

by inversion of the fundamental-mode dispersion curve (Figure 2.10) picked from the 

dispersion spectrum represents a horizontally layered soil column. 

The surface waves need to be isolated from the refracted and leaky-mode surface waves by 

outside mute, and from the reflected waves by inside mute. Then the isolated surface waves 

are bandpass filtered to remove low and high-frequency noise. 

Leaky-mode surface waves are similar in particle motion to that of Rayleigh waves but have 

a faster phase velocity than the maximum phase velocity of the Rayleigh waves. They exist 

in the near-surface layer (Schroder and Scott, 2001). They are confined to near-offset traces 

and can easily be confused with direct waves. They can also contaminate the lower end of 

the dispersion spectrum and bias the dispersion curve for the fundamental mode, making the 

phase velocity higher. Thus, if leaky-mode surface waves are not muted, there can be 

overestimation in the shear wave velocity by the Rayleigh wave inversion. 

Another aspect of the dispersion spectrum that requires attention when picking the dispersion 

curve for the fundamental mode is the phenomenon of mode interference, commonly known 

as mode-kissing" (Xia et al., 2012). A likely example of mode interference is shown in Fig. 

2.10. Mode interference commonly occurs with Rayleigh-wave dispersion, primarily caused 

by the influence of the P-wave particle motion. Whereas, mode interference does not occur 

with Love-wave dispersion, because Love waves are independent of P-waves. 

Excellent quality of data can yield a dispersion spectrum such that the fundamental mode and 

the higher modes (Fig. 2.11) can be depicted with confidence. The energy strongly associated 

with the P-to-SV conversion is confined to the fundamental mode. The higher mode contains 

a P-wave component of Rayleigh waves (Yilmaz, 2015). 
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Figure 2.10: Dispersion spectrum (a) A field record acquired by using a 95.5-m receiver 

spread of 192 4.5-Hz geophones at 0.5-m intervals, and a buffalo gun explosive charge at 30-

cm depth and 2m to the left of the receiver spread. The dispersion spectra of the shot gather 

in (a) computed by (b) conventional slant stack transformation. The curve picked from the 

dispersion spectrum in (b) corresponds to the fundamental mode of the Rayleigh waves. The 

region inside the white ellipse in (c) exhibits a likely interference of the fundamental mode 

and the first higher mode in the neighborhood of 10 Hz. (after Yilmaz, 2015). 
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Figure 2.11: Dispersion spectrum showing fundamental and higher mode (Yilmaz, 2015) 

The higher-mode Rayleigh waves are more sensitive to S-wave velocities than P-wave 

velocities (Kennett and Clarke, 1983). This implies that the higher-modes of Rayleigh waves 

may be included in the procedure of inversion to enhance the depth accuracy in S-wave 

estimation (Xia et al., 2003; Xia et al., 2004). Despite that, the higher modes are not usually 

easy to pick from the dispersion spectrum. In contrast, picking the fundamental mode alone 

provides a reliable inversion for Vs estimation (Yilmaz, 2015). 
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2.3.3.2 Inversion Analysis 

Commonly, for an Engineering site, the Rayleigh wave dispersion curves are used (by way 

of inversion) to estimate the shear wave velocity-depth model for the soil column. From this, 

the geometry of the layers and weak zones (such as faults and fractures) can be delineated 

within the soil column, and also the soil-bedrock interface can be delineated.  

Generally, inverse problems consist of utilizing the results of measurements (observed) to 

estimate the values of the parameters that characterize the system under investigation. A 

forward problem is used to address the reverse. Specifically, the inverse problem in the 

MASW method consists of estimating the set of parameters that describe the soil column 

based on the observed dispersion curve. 

According to Ryden and Park (2006), inverse problems based on wave propagation theory 

cannot be solved directly due to non-linearity. Therefore, iterative methods whereby a 

theoretical dispersion curve is determined for a given layer model and used in comparison 

with the observed dispersion curve. 

Theory (Inversion of dispersion curve) 

For a layered earth model (Figure 2.12), Rayleigh-wave dispersion curves can be calculated 

using Knopoff’s method (Schwab and Knopoff, 1972). Rayleigh-wave phase velocity, 𝑐𝑅𝑗, 

is determined by a characteristic equation (2.12) in its nonlinear, implicit form: 
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Figure 2.12: A layered earth model with parameters of shear-wave velocity (𝑣𝑠), 

compressional wave velocity (𝑣𝑝), density (𝜌), and thickness (ℎ). 

For forward calculation, according to  Xia et al. (1999), 

                              𝐹 (𝑓𝑗 , 𝑐𝑅𝑗, 𝑣𝑠 , 𝑣𝑝, 𝜌, ℎ) = 0, (𝑗 = 1,2, … ,𝑚)                                                 2.12 

where m is the number of data points, 𝑓𝑗 is the frequency, 𝑐𝑅𝑗 is the Rayleigh wave phase 

velocity,  𝑣𝑠(𝑣𝑠1, 𝑣𝑠2, … , 𝑣𝑠𝑛)
𝑇 is the S-wave velocity vector, with 𝑣𝑠𝑖 the shear wave velocity 

of the 𝑖th layer while 𝑛 is the number of layers; 𝑣𝑝(𝑣𝑝1, 𝑣𝑝2, … , 𝑣𝑝𝑛)
𝑇
is the P-wave velocity 

vector, with 𝑣𝑝𝑖 the P-wave velocity of the 𝑖th layer; 𝜌(𝜌1, 𝜌2, … , 𝜌𝑛)
𝑇 is the density vector, 

with 𝜌𝑖 the density of the 𝑖th layer and ℎ(ℎ1, ℎ2, … , ℎ𝑛−1)
𝑇 is the thickness vector, with ℎ𝑖 
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the thickness of the 𝑖th layer. For a given set of model parameters (𝑣𝑠, 𝑣𝑝, 𝜌, ℎ) and a specific 

frequency 𝑓𝑗, the roots of equation (2.12) are the phase velocities. For the fundamental mode, 

if the dispersion curve consists of m data points, a set of m equations in the form of equation 

(2.12) can be used to find phase velocities at frequencies  𝑓𝑗  (𝑗 = 1,2, … ,𝑚) using the 

bisection method (Press et al., 1992). 

Accuracy of the partial derivatives is key in determining modifications to the earth model 

parameters and dramatically affects the convergence of the inverse procedure (Xia, 1986). 

To calculate the partial derivatives of equation 2.12, Ridder’s method of polynomial 

extrapolation is used to calculate the partial derivative (or Jacobian matrix) during the 

inversion 

The sensitivity of Earth Model Parameters 

The Rayleigh-wave phase velocity is the function of four parameters: S-wave velocity, P-

wave velocity, density, and thickness of the layer (equation 2.12). Each parameter has a 

unique contribution to the dispersion curve (Xia et al.,1999). S-wave velocity is the dominant 

property for the fundamental mode of high-frequency Rayleigh wave dispersion data. 

Variations in S-wave velocities have a dramatic effect on Rayleigh-wave phase velocities. 

The Jacobian matrix of a model with respect to S-wave velocity 𝐽𝑠 at frequencies 𝑓𝑗 can be 

expressed as follows: 

                                             𝐽𝑠 = [−
𝜕𝐹/𝜕𝑣𝑠𝑖
𝜕𝐹/𝜕𝑐𝑅

|
𝑓=𝑓𝑗

]                                                                       2.13 
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Inversion algorithms 

The inversion algorithm assumes that the S-wave velocities fundamentally control changes 

in Rayleigh-wave phase velocities for a layered earth model. This implies that S-wave 

velocities can be inverted adequately from Rayleigh-wave phase velocities. 

The S-wave wave velocities (earth model parameters) can be represented as the elements of 

a vector 𝑥 of length 𝑛 or 𝑥 = [𝑣𝑠1, 𝑣𝑠2, 𝑣𝑠3… , 𝑣𝑠𝑛]
𝑇. Similarly, the data measurements of 

Rayleigh-wave phase velocities at  𝑚 different frequencies can be represented as the elements 

of a vector b of length m or 𝑏 = [𝑏1, 𝑏2, 𝑏3… , 𝑏𝑚]
𝑇. Since the model 𝑐𝑅(equation 2.12) is a 

nonlinear function, it must be linearized by Taylor-series expansion to employ the matrix 

theory: 

                                                     𝐽∆𝑥 = ∆𝑏                                                                                    2.14   

where ∆𝑏 = 𝑏 − 𝑐𝑅(𝑥0) and is the difference between measured data and model response to 

the initial estimation, in which 𝑐𝑅(𝑥0) is the model response to the initial S-wave velocity 

estimates, 𝑥0; ∆𝑥 is a modification of the initial estimation; and 𝐽 is the Jacobian matrix with 

𝑚 rows and 𝑛 columns (𝑚 > 𝑛), equation 2.14 is solved by optimization techniques  

According to Xia et al. (1999), the objective function is given as: 

                                      Φ = ‖𝐽∆𝑥 − ∆𝑏‖2𝑊‖𝐽∆𝑥 − ∆𝑏‖2 + 𝜆‖∆𝑥‖2
2                                     2.15 

where ‖ ‖2 is the ℓ2-norm length of a vector, 𝜆 is the damping factor, and 𝑊 is a weighting 

matrix. Since the weighting matrix 𝑊(equation 2.15) is both diagonal and positive, 𝑊 =

𝐿𝑇𝐿, where 𝐿 is also a diagonal matrix. According to Marquardt (1963), The damping factor 

controls the direction of ∆𝑥 and the speed of convergence.  
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The Solution for ∆𝑥 is: 

                                                ∆𝑥 = 𝑉(Λ2 + 𝜆𝐼)−1Λ𝑈𝑇𝑑                                                              2.16 

where 𝑑 is the vector of difference between modeled and measured data, 𝑉, Λ, and 𝑈 are the 

Singular-value decomposition (SVD) techniques of the weighted Jacobian matrix.  

2.3.4 Multi-channel Analysis of Surface Waves (MASW) 

In the MASW methods, Rayleigh-type surface waves are generated and used to infer the 

shear wave velocity profile of the site to be surveyed as a function of depth. The shear wave 

velocity of individual soil layers is directly proportional to their shear modulus, which is their 

stiffness. The MASW method is low-cost, as well as being non-invasive and environmental-

friendly since they neither require heavy machinery nor leave lasting marks on the ground 

surface. Moreover, it has been shown to provide consistently reliable results (Park et al., 

1997; Xia et al., 2002). In the MASW method, the fundamental mode extracted from the 

dispersion curve obtained from the inverted shot records is used (Xia et al., 2000) to obtain 

the subsurface velocity model. The entire process involves three major steps, which are: 

acquisition of the data, construction of dispersion curve (phase velocity versus frequency), 

and inversion process to get the velocity model. This method provides a reliable estimate of 

shear wave velocity profiles within the upper 30m below the ground surface. The method 

can be used for effective site characterization (Yilmaz, 2015), seismic characterization of 

pavements (Park et al., 2001), to study Poisson’s ratio (Ivanov et al., 2000), seismic 

investigation of sea bottom sediments (Park et al., 2000; Ivanov et al., 2000), mapping 

bedrock surface, detecting dissolution features (Miller et al., 1999) and generation of shear 

wave velocity profiles (Xia et al., 1999). The extraction of an accurate dispersion curve is a 
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very important step in the MASW method because an error in the dispersion curve would 

cause an inversion to produce an inaccurate value of shear wave velocity (Park et al., 1999). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



39 
 

CHAPTER THREE 

MATERIALS AND METHODOLOGY 

3.1 Materials 

3.1.1 Software 

• Seisimager/SW 

• ReflexW 

• Surfer 

• ArcGis 

3.1.2 Description of Materials 

Table 3.1: Description of Materials 

Acquisition Materials Description 

Seismograph 24 channel seismograph 

Geophone type 10 Hz vertical geophones 

Source Sledgehammer (14 lb) 

Cable 24 channel cable reel 

G.P.S Garmin 

 

3.2 Methodology 

3.2.1 Desk Studies 

This was done to understand the technical know-how of the MASW method and also the 

geology of the area  
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3.2.2 Reconnaissance visit 

This was done to map out the profiling of the survey area and to take their respective location 

coordinates. 

3.2.3 Data Acquisition 

The MASW overall setup is presented schematically in Figure 3.1. A 24-channel 

seismograph (ABEM Terraloc Pro) was used for data acquisition along seven profiles within 

the survey area (Figure 1.1). The aim is to estimate the shear wave velocity of the subsurface 

layers to a depth of 30m. In order to achieve this, a lower frequency geophone is required to 

obtain phase velocities at longer wavelengths (Figure 2.2b), which implies a deeper depth of 

penetration. Therefore, 10 Hz geophones were used, which is capable of investigating up to 

a depth of 30m (Park et al., 2002). A record length of 1024 ms was employed to yield good 

results, as a higher number of samples and shorter sampling interval influences good yield 

(Abubakar et al., 2019). The stacking number of four (4) was employed to ensure good 

quality of the result. 

The MASW field acquisition parameters are of necessity to achieving the desired objectives. 

This comprises the offset distance, the receiver spacing, the spread length, and the source. 

The MASW method requires the analysis of plane waves of Rayleigh waves (fundamental-

mode). Surface waves become stabilized or planar upon traveling a certain distance from the 

source, this distance is a function of wavelength (Park et al., 1999).  

The geometry for the acquisition is summarized in the table below. The offset and the 

geophone spacing were varied within the recommended field parameters by Geometrics 

(2009) and park et al. (2002) for comparison. Before the acquisition, quiet times were waited 

for before shots were made. 
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Figure 3.2: Schematic illustration for the Multi-channel Analysis of Surface Waves (MASW) 

data acquisition for 1-D and 2-D shear wave velocity determination. 

Since the survey profile lines (mapped out) extends to about 100 m, to acquire an effective-

continuous shot gather, the standard roll-along technique (Figure 3.2) was employed. 

However, this configuration enables the 2-D MASW survey to be achieved.  

Table 3.2: Acquisition parameters  

S/N Profile Offset distance 

(m) 

Geophone 

spacing (m) 

Shot interval 

(m) 

No. of 

stacking 

1 A-A1 -10 2 4 4 

2 B-B1 -5 1 4 4 

3 C-C1 -5 2 4 4 

4 D-D1 -5 1 4 4 

5 E-E1 -5 1 4 4 

6 F-F1 -10 2 4 4 

7 G-G1 -10 1 4 4 
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Figure 3.2: Standard roll-along configuration for 2-D MASW survey. The geophone 

spacing for this configuration is 1 m and an offset of 10 m was employed. 
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Plate 3.1: Seismic survey (a) 24 groups of 10 Hz geophones (b) Cable reel (c) Seismograph 

(Abem terraloc pro) in use (d) data acquisition setup in progress (e) Seismograph (Abem 

terraloc pro)  
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CHAPTER FOUR 

4.0 DATA PROCESSING, RESULTS, AND INTERPRETATION 

4.1 Data Processing 

The MASW data was processed using “Seisimager/SW software”. The software has three 

modules (integrated); PickWin, WaveEq, and GeoPlot. ReflexW was also used to have a 

better view of the shot gather.  

A combination of series of geophone trace is called shot gather.  The shot gathers (Figure 

4.1-1 to Figure 4.1-6; Appendix I) (in Sg2 format) was inputted and processed into a file. 

The geometry of field data acquisition, which includes the geophone and the source 

coordinates was assigned to the data, which in turn arranges the data into the roll along 

(Figure 3.3) data configuration as acquired. The common mid-point (CMP) is a combination 

of traces having the same mid-point, which is the concept adopted by the reflection method. 

Every pair of traces in a shot record is cross-correlated, the correlation traces are gathered by 

CMP, and traces with equal spacing are stacked in the time domain (Hayashi and Suzuki, 

2004). The CMP cross-correlation gather is calculated. Additionally, this improves the 

original MASW technique by effectively increasing the accuracy of the final shear wave 

velocity cross-section and also the lateral resolution. 

After the CMP cross-correlation gathers are assembled, the parameters for phase velocity-

frequency transformation are set to transform the time-domain gathers to the frequency 

domain, this is aimed at calculating the phase velocity for each frequency. 0 – 1000 m/sec 

and 0 – 40 Hz were employed for both phase velocity and frequency respectively.  1000 

m/sec is used, being the maximum phase velocity expected for the site, while the 40 Hz is 

used as the maximum, to see the extent of the fundamental mode velocity.  
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Mathematically,  

                                                𝑈(𝑥, 𝑤) = ∫𝑢(𝑥, 𝑡)𝑒𝑖𝑤𝑡𝑑𝑡                                                              4.1 

where 𝑈(𝑥, 𝑡) is a shot gather in the offset-time domain, 𝑈(𝑥, 𝑤) is a shot gather in the offset-

frequency domain after applying Fourier transform to 𝑈(𝑥, 𝑡). 𝑈(𝑥,𝑤) can be expressed as 

the multiplication of the phase and amplitude spectrum (Xia et al., 2000). 

                                               𝑈(𝑥, 𝑤) = 𝑒−𝑖Φ𝑥𝐴(𝑥,𝑤)                                                                    4.2 

                                                               Φ =
𝑤

𝑐𝑤
                                                                                   4.3 

𝑤 is the frequency in radian and 𝑐𝑤 is phase velocity for frequency (𝑤). 

Upon generating the dispersion spectrum (phase velocity-frequency plot) (Figure 4.1-1 to 

Figure 4.1-6), the curves for the Rayleigh-wave fundamental mode were picked (Appendix 

II). The output curve is examined to ensure the best curves are picked, the curves that 

represent the best choice are curves with a high signal-to-noise ratio. The dispersion curves 

(Appendix III) are individually inverted to generate an initial 1-dimensional (1D) shear-wave 

velocity model. 

The average Vs model down to a depth of 30m (𝑉𝑠30) is generated for the soil using the 

equation: 

                                𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑉𝑠  =  
∑ 𝑑𝑖

∑(𝑑𝑖/𝑣𝑖)
                                                                                 4.4 

where   ∑𝑑𝑖 is the cumulative depth in meters, 𝑑𝑖 is the thickness (in meters) of the ith layer 

and 𝑣𝑖 is the shear wave velocity of the ith layer. 

Therefore,                                 𝑉𝑠30  =
30

∑ (𝑑𝑖/𝑣𝑖)
𝑁
𝑖=1

                                                                            4.5 
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Where N represents the total number of layers. 

The program utilizes the observed dispersion curve to calculate a theoretical dispersion curve 

by estimating the set of parameters that describe the soil column. As such, the theoretical and 

the observed dispersion curves are compared to measure the discrepancy in terms of root-

mean-square error (RMSE) (Table 4.3). If the error is greater than 5% (as stipulated by 

software control parameters), the inversion algorithm is employed to modify the shear wave 

velocity profile to converge on the best fit of the initial model with the observed data, thereby, 

recalculating the RMSE (Geometrics, 2009). The circle of this process of modification and 

recalculation is referred to as iteration. Firstly, this is done continuously to reduce the degree 

of mismatch, thus, meeting the requirement of the control parameters. Secondly, to produce 

a realistic final velocity model. If the degree of mismatch is high above the tolerable limit, 

the initial set of model parameters is changed and the process re-run to improve the match. 

The RMSE serves as a guide, a lower RMSE suggests a high level of confidence in the 

estimation of the site’s shear wave velocity. The RMSE is automatically saved in a text file 

format.  

The generated 1-dimensional shear wave velocity models (Fig. 4.1-1c to 4.1-6c) are 

interpolated to produce a 2D shear-wave velocity model. This model is produced for each 

profile layout on the site. The data processing flow can be summarized as follows: 
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4.2 Results and Interpretation 

The data acquired were subjected to the above data processing flow.  

Figure 4.1-1a to 4.1-6a shows the shot gather analysis. It can be seen from the traces of the 

shot gather that the Rayleigh wave amplitudes which travel along the layer boundaries decay 

rapidly in depth. As the soil column approaches the bedrock, the surface waves become less 

prominent. This implies that surface waves are strongly dispersive in a low-velocity soil 

column with a high-velocity contrast at the soil-bedrock interface, and weakly dispersive in 

a high-velocity soil column (Fig. 4.1-1a to 4.1-6a). 

The dispersion spectra (Fig. 4.1-1b to 4.1-6b) show clearly that each frequency component 

of the Rayleigh waves travels with a different horizontal phase velocity, which in turn, is the 

dispersive characteristics of the waves within the soil column. From the dispersion curve, the 

maximum depth to which the shear wave velocity can be investigated is approximately half 

the maximum wavelength (maximum picked phase velocity/respective minimum frequency) 

and the minimum depth of investigation corresponds to approximately half the minimum 

wavelength (minimum picked phase velocity/ respective maximum frequency) (Park et al., 

1999). These criteria favor the yield (i.e. an investigation of about 30m), which is the interest 

of a geotechnical engineer.  

The 1-dimensional shear wave velocity model (Figure 4.1-1c to 4.1-6c) shows the average 

shear wave velocity to a depth of 30 m. The average shear wave velocity at depth of 3 m, 7.5 

m, 13.5 m, and 21.0 m are revealed at the right end of the model. 
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Figure 4.1-1: Profile 1 (A-A1), 1st shot gather analysis. (a) shot gathers (b) The dispersion 

spectrum. (c) 1D S-wave velocity model. 
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Figure 4.1-2: Profile 1 (A-A1), 10th shot gather analysis. (a) shot gathers (b) The dispersion 

spectrum. (c) 1D S-wave velocity model. 
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Figure 4.1-3: Profile 1 (A-A1), 15th shot gather analysis. (a) shot gathers (b) The dispersion 

spectrum. (c) 1D S-wave velocity model. 
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Figure 4.1-4: Profile 3 (C-C1), 1st shot gather analysis. (a) shot gathers (b) The dispersion 

spectrum. (c) 1D S-wave velocity model. 
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Figure 4.1-5: Profile 3 (C-C1), 7th shot gather analysis. (a) shot gathers (b) The dispersion 

spectrum. (c) 1D S-wave velocity model. 
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Figure 4.1-6: Profile 3 (C-C1), 15th (last) shot gather analysis. (a) shot gathers (b) The 

dispersion spectrum. (c) 1D S-wave velocity model. 

The borehole log data (Fig. 4.2) was obtained from the National Water Resources Institute, 

Kaduna. The location of the borehole is within the same geology of the study area (Fig. 1.2)  

In engineering seismology, civil engineering, earthquake geotechnical engineering, and 

environmental earth science studies, the elastic properties of the near-surface materials and 

their response to seismic wave propagation are very important. The seismic site 
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characterization used in estimating the seismic hazard is usually carried out based on the 

shear wave velocity values of the near-surface. The average shear wave velocity down to a 

depth of 30m (𝑉𝑠30) is used for site classification based on the National Earthquake Hazards 

Reduction Program (NEHRP) provision (Table 4.1). The parameters employed to define the 

class of a site are based on the upper 30m (100ft) of the site profile (BSSC, 2003). 

The 2-dimensional shear wave velocity models with the layers inferred (i.e. using both the 

borehole log data and the shear wave velocities observed) are illustrated in Figure 4.3-1 to 

4.3-7. The models demonstrate a first layer (topsoil and laterite) with 𝑉𝑠 in the range of 158 

to 290 m/s and corresponding thickness of 0 to 6 m. The second layer (clayey sand) shows a  

𝑉𝑠 range of 180 to 270 m/s with a corresponding thickness of 2 to 7 m. The third layer, which 

is the weathered basement shows a 𝑉𝑠 range of 250 to 500 m/s and a thickness range of 4 to 

18 m. The fourth layer (fractured basement) has a thickness range of 2 to 8 m and 𝑉𝑠 of 400 

to 650 m/s. The fifth layer with the highest 𝑉𝑠 (> 650 m/s) is assumed to be the fresh basement 

(bedrock). The depth of the engineering bedrock is determined in order to estimate the soil 

thickness beneath the MASW profiles. The areas with higher shear velocity values 

correspond to areas with lower soil thickness, while the areas with lower velocity values 

correspond to areas with higher soil thickness (Fig. 4.4). The depth of the fresh basement is 

24 m in some of the areas (Fig. 4.3-4, Fig. 4.3-5, 4.3-6, and Fig. 4.3-7). 

The 𝑉𝑠30 values for the site vary between 273.5 m/s and 446.2 m/s based on the NEHRP 

standard (Table 4.2).  
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Figure 4.2: Borehole log (lithologic) data by the National water resources institute, Kaduna.  
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Figure 4.3-1: 2D shear wave velocity model with inferred layers for profile 1 (A-A1)  

 

Figure 4.3-2: 2D shear wave velocity model with inferred layers for profile 2 (B-B1) 

 

Figure 4.3-3: 2D shear wave velocity model with inferred layers for profile 3 (C-C1).  
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Figure 4.3-4: 2D shear wave velocity model with inferred layers for profile 4 (D-D1). 

 

Figure 4.3-5: 2D shear wave velocity model with inferred layers for profile 5 (E-E1). 

 

Figure 4.3-6: 2D shear wave velocity model with inferred layers for profile 6 (F-F1). 
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Figure 4.3-7: 2D shear wave velocity model with inferred layers for profile 7 (G-G1). 

 

Figure 4.4: Map of the study area showing the average shear wave velocity distribution 
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Table 4.1: Site Classification, according to the NEHRP provisions (BSSC, 2003) 

Site Class Average shear wave velocity down to 30m (𝑉𝑠30) Remarks 

A 𝑉𝑠30 > 1500 (𝑚/𝑠) Hard rock 

B 760 ≤ 𝑉𝑠30 ≤ 1500 (𝑚/𝑠) Rock 

C 360 ≤ 𝑉𝑠30 ≤ 760 (𝑚/𝑠) Very dense soil or soft rock 

D 180 ≤ 𝑉𝑠30 ≤ 360 (𝑚/𝑠) Stiff soil 

E 𝑉𝑠30 < 180 (𝑚/𝑠) Soil 

F 𝑉𝑠30 < 180 (𝑚/𝑠) Soil requiring site-specific 

evaluation 

Table 4.2: The site classification of the study area, based on the NEHRP provisions  

S/N Profile Average 𝑉𝑠30 (m/s) Site class 

1 A-A1 273.5 D 

2 B-B1 301.6 D 

3 C-C1 310.1 D 

4 D-D1 352.6 D 

5 E-E1 412.5 C 

6 F-F1 414.5 C 

7 G-G1 446.2 C 
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Table 4.3: RMSE for the 2D models (calculated for all data) 

S/N Profile RMSE (in %) 

1 A-A1 1.96 

2 B-B1 3.28 

3 C-C1 3.53 

4 D-D1 2.83 

5 E-E1 4.49 

6 F-F1 3.39 

7 G-G1 4.49 
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CHAPTER FIVE 

5.0 DISCUSSION, CONCLUSION AND RECOMMENDATION 

5.1 Discussion 

The MASW method has displayed high accuracy in analyzing the properties of the near-

surface and also very efficient in imaging the subsurface and detecting areas with high soil 

thickness. Higher velocity implies lower soil thickness and vice versa. The thickness of the 

soil increases eastwards as shown in the thickness distribution map (Fig. 4.4). Perhaps, this 

may be as a result of the proximity to the river channels (Fig. 1.2). 

 The method has shown great tolerance in the selection of field parameters that suit the 

survey. The profile F-F1 and G-G1 were acquired along the same profile but the geophone 

spacing of 2 m and 1 m respectively was used to ensure proper comparison. A similar result 

was obtained for both profiles. Although the result of G-G1 yielded a higher resolution image 

of the subsurface. As observed from other 2-dimensional Vs models, the resolution of the 

subsurface images of data acquired using 1 m geophone spacing is higher than that acquired 

using 2 m. The offset distance varied using 5 and 10 m in some of the profiles has no 

significant effect in the resolution image of the subsurface. 

Considering the 2-dimensional Vs models (Fig. 4.3-1 to 4.3-7), the inference of the layers 

was made using the borehole log data. But, priority was also given to the shear wave velocity 

revealed. The color does not really depict different layers, because there is considerable 

overlap between the shear wave velocity of several layers. The topsoil and laterite and the 

clayey sand displayed similar Vs. In some cases, the topsoil and laterites exhibit higher shear 

wave velocity than the clayey sand (Appendix III). The results of the 2-dimensional shear 
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wave velocity models indicate that the area has undergone intense weathering due to the 

dominance in the distribution of the weathered materials.  

5.2 Conclusion 

The MASW method was employed to image the subsurface layers of the ABU phase II site 

for foundation studies. This was achieved by estimating the 1D and 2D shear wave velocities 

over the survey profiles.  

The average shear wave velocity down to 30 m of the site varies between 273.5 m/s and 446.2 

m/s, which is classified as site class of C and D according to the NEHRP provisions, which 

implies that the site can be assumed for engineering construction. The soil thickness increases 

eastwards and the depth to the basement is 24 m in some areas.  

The MASW method has shown high tolerance in the selection of field parameters.  

5.3 Recommendation 

Considering the presence of the clayey material, we recommend that excavation or 

densification (where it occurs) might be necessary before the construction is assumed on the 

site. 
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APPENDIX I 

SHOT GATHER 
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Profile 2 (B-B1) 
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Profile 3 (C-C1) 
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Profile 4 (D-D1) 

 

 



76 
 

 



77 
 

 

 

 



78 
 

Profile 5 (E-E1)
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Profile 6 (F-F1) 
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Profile 7 (G-G1) 
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APPENDIX II 

PICKED RAYLEIGH WAVE FUNDAMENTAL MODE (DISPERSION CURVE) 

Profile 1 (A-A1) 
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Profile 2 (B-B1) 
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Profile 3 (C-C1) 
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Profile 4 (D-D1) 
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Profile 5 (E-E1) 
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Profile 6 (F-F1) 
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Profile 7 (G-G1) 
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APPENDIX III 

1-DIMENSIONAL SHEAR WAVE VELOCITY MODEL 

Profile 1 (A-A1) 
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Profile 2 (B-B1) 
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Profile 3 (C-C1) 
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Profile 4 (D-D1) 
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Profile 5 (E-E1) 
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Profile 6 (F-F1) 
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Profile 7 (G-G1) 
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