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Influence of Site Conditions on Near-field Effects in 

Multi-channel Surface Wave Measurements 

                          Cheng-Hsuan Li 

    Dr. Brent L. Rosenblad, Thesis Supervisor 

Abstract 

    Geophysical measurements using surface wave methods (SWM) are in widespread 

use as a means to non-destructively and non-intrusively characterize geotechnical site 

conditions for a variety of applications. Surface wave measurements are used to develop 

shear wave velocity ( ) profiles which are directly related to the small-strain shear 

modulus (G) of the soil, an important parameter for dynamic and static geotechnical 

analysis. One of the potential sources of error in SWM is the underestimation of surface 

wave velocity due to inaccurate measurements in the near-field, where the receiver array 

is located too close to the source. These near-field effects have been studied extensively 

for the two–channel SASW method, but few cases have been studied using multi-channel 

arrays. A recent criteria developed by Yoon and Rix (2009) for multi-channel 

measurements suggested that the normalized array center (NAC) distance (i.e. the 

number of wavelengths between the source and array center) should be 2 or greater. 

However, this finding conflicts with recent experimental data collected in the Mississippi 
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embayment by Rosenblad and Li (2011), which showed near-field effects occurring at 

NAC values of about 0.5. The objective of this research is to investigate and explain this 

contradiction and better understand the factors influencing near-field effects. It is 

hypothesized that the primary reason for the discrepancy is different conditions of 

saturation (and hence, Poisson’s ratio) in the Yoon and Rix (2009) study and the 

Rosenblad and Li (2011) study. Numerical simulations of surface wave propagation were 

performed for five synthetic  profiles under different assumed saturation conditions. It 

was found that Poisson’s ratio did have a significant influence on the required source 

offset distance to minimize near-field effects. However, the effect was complex and 

strongly influenced by the  profile. For the profiles considered, limiting NAC values 

ranged from about 2 to as low as 0.3. The lowest values were observed for cases of 

linearly increasing  with depth under saturated conditions. Simulation of surface wave 

measurements for a site in the Mississippi embayment produced results that were 

consistent with the experimental observations. The findings from this work have 

important implications on both the measurement procedures and inversion methods used 

in multi-channel surface wave methods.  
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Chapter 1 Introduction 

 

1.1  Overview and Motivation 

    Geophysical measurements using surface wave methods (SWM) are in widespread 

use as a means to non-destructively and non-intrusively characterize geotechnical site 

conditions for a variety of applications, including: earthquake site response analysis, 

quality control for field procedures, machine vibration problems, liquefaction resistance, 

and offshore applications. Surface waves measurements are used to develop shear wave 

velocity ( ) profiles that are directly related to the small-strain shear modulus (G) of the 

soil, an important parameter for dynamic and static geotechnical analysis. Two general 

surface wave measurement methods have been in common use for geotechnical 

applications. One is the Spectral-Analysis-of-Surface-Wave (SASW) method, which uses 

repeated set-ups of two receivers, and the other is the multi-channel method which uses a 

single multi-channel array set-up. The SASW method (Stokoe and Nazarian, 1983) has 

been in use for nearly 30 years, while multi-channel methods have only been adopted 

extensively within the last ten years (Yoon and Rix, 2009).  

    One of the potential sources of error in SWM is the underestimation of surface wave 

velocity due to inaccurate measurements in the near-field when the receiver array is 
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located too close to the source. These near-field effects are due to the cylindrical 

spreading wavefront and body wave interference, which typically cause an 

underestimation of surface wave velocity. Near-field effects have been extensively 

studied for the SASW testing methodology since the 1980s (Stokoe and Nazarian, 1983; 

Heisey et al., 1982; Roesset et al., 1990) resulting in filtering criterion (maximum 

interpretable wavelength) expressed in terms of the ratio between measured Rayleigh 

wave wavelength (λ ) and the source-to-first receiver distance. The SASW criterion 

commonly used in practice is to limit the maximum wavelength to two-times the 

source-to-first receiver distance to avoid near-field effects. 

    For multi-channel methods only a few studies have been presented in the literature, 

and no specific near-field criteria have been developed. Yoon and Rix (2009) recently 

proposed a near-field criterion for multi-channel methods based on the source-to-array 

center distance (AC). Based on the results of numerical and experimental studies, Yoon 

and Rix (2009) proposed that the normalized array center (NAC) distance (i.e. the 

number of wavelengths between the source and array center) should be 2 or greater. 

However, this finding conflicts with recent experimental data collected in the Mississippi 

embayment by Rosenblad and Li (2011), which showed near-field effects occurring at 

NAC values of about 0.5. These two criteria are obviously very different and it is not 
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clear why they are different. The objective of this research is to investigate and explain 

this contradiction and better understand the factors influencing near-field effects in 

multi-channel surface wave methods.      

                                                                

1.2  Objective and Hypothesis 

    The primary objective of this thesis is to investigate parameters affecting near-field 

effects in multi-channel surface wave measurements and explain the contradiction in the 

studies mentioned above. The Yoon and Rix (2009) study was performed for geotechnical 

sites under unsaturated conditions (ν=0.3) while the Rosenblad and Li (2011) study was 

performed at saturated sites in the Mississippi embayment. Therefore, it is hypothesized 

that site saturation and the associated change in Poisson’s ratio is the main parameter 

affecting the severity of near-field effects. To study this hypothesis, surface wave 

measurements are simulated for five  profiles under both saturated and unsaturated 

conditions. Other parameters that are studied are receiver array length and the source to 

first receiver offset distance. 

 

1.3 Organization of Thesis 

    This thesis is presented in six chapters. Chapter 2 presents background on surface 
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wave propagation and general surface wave methods used in geotechnical applications. 

The problem statement is also described in greater depth in this chapter. The methods 

used to achieve the research objectives along with the research tasks are described in 

Chapter 3. Chapter 4 presents the results of the simulations and Chapter 5 presents an 

analysis and discussion of the results from Chapter 4. Finally, Chapter 6 provides a 

summary, findings from the study, and recommendation for future studies. 
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Chapter 2 Background and Review of Previous Studies 

 

2.1 Introduction 

    In this chapter, surface wave propagation in a homogeneous half-space and a 

one-dimensional layered medium will be briefly reviewed. The origins of surface wave 

measurement methods and applications in geotechnical engineering are discussed. Also, 

common surface wave methods such as the Spectral-Analysis-of-Surface-Waves (SASW) 

method and multi-channel methods are described. Last, near-field effects on surface wave 

measurements and past studies of near-field effects are described and discussed. 

 

2.2 Physical Characteristics of Body Wave and Surface Waves 

    Two types of waves propagate in an infinite elastic half-space. They are waves of 

dilatation (also called primary or p-waves) and waves of distortion (secondary, shear, or 

s-waves). These two types of waves are termed body waves because they propagate 

through the body of the medium. Lord Rayleigh (1855) introduced a solution for a third 

type of wave called a Rayleigh wave which propagates in an elastic homogenous isotropic 

half-space. Rayleigh waves are generated by the interaction of p and s-waves, but the 

characteristics of Rayleigh waves are very different from p and s-waves. The particle 
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motion of p-waves is parallel to the propagation direction and the particle motion of shear 

waves is perpendicular to the propagation direction. However, the particle motion of 

Rayleigh waves at the surface is a retrograde ellipse, including both vertical and horizontal 

motion, as illustrated in Figure 2.1 and Figure 2.2. 

 

 

Figure 2.1 Rayleigh wave particle motion from a surface point source in ideal medium 

(after Lamb, 1904) 

 

 

    Another important characteristic of Rayleigh waves is the frequency-dependent 

penetration of particle motions. As shown in Figure 2.3, most of the particle motion occurs 

within a depth of about one wavelength. Therefore, changes in frequency (wavelength) 

affect the penetration depth of surface wave motions below the ground surface. 
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Figure 2.2 Particle motions of body and surface wave propagation (Bolt, 1993) 
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Figure 2.3 Amplitude ratio vs. dimensionless depth for Rayleigh waves (Richart, Hall 

and Woods, 1970). 
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Figure 2.4 Distribution of displacement and energy generated by a circular footing on 

a homogeneous, elastic half-space (from Woods, 1968). 

 

    Miller and Pursey (1955) found that for a vertically oscillating, uniformly distributed, 

and circular energy source on the surface of a homogeneous, isotropic, elastic half-space 

(as shown in Figure 2.4) , the energy is distributed as: 67% Rayleigh wave, 26% shear 

wave, and 7% compression wave. Since a Rayleigh wave decays more slowly than body 

waves at the surface, it is apparent that Rayleigh waves are the major contributor to motion 
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measured from an energy source at the surface. This is why surface waves can be easily 

measured and analyzed as described later in this thesis. 

 

2.3 Surface Wave Propagation in Homogeneous Half-space and Layered 

Medium 

 

     In the last section, the physical characteristics of body and surface wave propagation 

were discussed. In this section, wave motion in an infinite, homogeneous elastic medium 

will be described by mathematical expressions, which can be simplified to equations of 

motion. Also, mathematical expressions for surface wave propagation in a homogeneous 

half-space and layered medium will be discussed. 

 

2.3.1 Derivation of Equations of Motion 

The derivation presented below is taken primarily from Richart et al. (1970). In 

order to derive the equations of motion for an elastic medium, the equilibrium of a small 

stress element is examined, as shown in Figure 2.5 (Richart et al., 1970).  

    In Figure 2.5, the stresses on each of the faces of the element are represented by sets 

of orthogonal vectors. The equilibrium equations are expressed by writing the sum of 

forces acting parallel to each axis. In the x-direction the equilibrium equation is: 
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0																																																																								 2.1             

 

 

Figure 2.5 Stress on a small element of an infinite elastic medium (from Richart et al., 

1970). 

 

Similar equations can be applied to the summation of forces in the y- and z-directions. 

Body forces are neglected here and Newton’s second law has been applied in the 

x-direction. Equation 2.1 can be expressed as:   

                                                    

																											 	 																								 2.2   

where  is the change of the normal stress in the x-direction;  is the density,  
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and   are the changes of shear stress in y and z-direction, respectively; ,  

and  are the dimensions of the small element; and  is displacement in the 

x-direction. 

    In the same way similar equations for the y- and z-direction can be generated. Then, 

the three equations of motion in terms of stresses can be written: 

 

                			                              (2.3a) 

                	                               (2.3b) 

                	                               (2.3c) 

 

where ,  and  are displacements in the x-, y- and z-directions. The right hand side 

of Equation 2.3 can be expressed in terms of displacements using substitution of the 

following expressions: 

 

																											 ̅ 2 																									    

																											 ̅ 2 																	 	                     (2.4) 

																											 ̅ 2      						  
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Where, ν is Poisson’s ratio, λ and G are Lame’s constants (G is also called the shear 

modulus or rigidity modulus), and ̅  is called the cubical dilatation (defined as 

̅ ). The relationships for strain and rotation in terms of displacement are: 

 

																												 									 							2   

																												 									 							2 	                  (2.5) 

																												 									 							2   

 

where    is the rotation of each axis. Combining Equation 2.3a with 2.4 and 2.5 gives: 

 

																																								                             (2.6a) 

 

In the same way, Equation 2.3b and 2.3c can be transformed into: 

 

																																							 	                            (2.6b) 

																																							 	                           (2.6c) 

 

Equations 2.6a, 2.6b and 2.6c are the equations of motion for an infinite homogeneous, 

isotropic, elastic medium, where the Laplacian operator in Cartesian coordinate is defined 

as:  

																																																	                              (2.7) 
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2.3.2 Solution for Equations of Motion 

    There are two solutions to the equations of motion. One solution represents the 

propagation of a wave of pure volume change (irrotational wave) and the other solution 

represents the propagation of a wave of pure rotation (equivoluminal wave). By 

differentiating Equation 2.6a, 2.6b and 2.6c with respect to x, y, and z and adding the 

three equations together, the first solution of equations of motion can be determined. The 

result is an equation of the form: 

                      2 ϵ                                             

or                                                                                   

																																																								  ̅                                 (2.8) 

From the equation above, the dilatation wave propagates at a velocity,	 , where: 

 

																																																								                                   (2.9) 

 

    The distortional wave solution to the equation of motion can be obtained by 

differentiating Equation 2.6a with respect to z and Equation 2.6c with respect to y and 

then eliminating  ̅ by subtracting these two equations. This operation gives: 

 

																																						                         (2.10) 
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By using the expression for rotation, , from Equation 2.5, the equation is: 

 

																																																													   

or 

																																																													 V                             (2.11) 

 

 Similar expressions can be obtained for 	and 	, which means that the rotational or 

shear waves, propagate with velocity, , as: 

 

																																																																 	                                (2.12) 

 

    From the above analysis it can be seen that an infinite elastic medium can sustain 

two kinds of waves, and that the two waves represent different types of body motions 

with different velocities of propagation. These two types of waves are called p-waves and 

s-waves. 
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2.3.3 Fundamentals of Surface Wave Propagation in a Homogenous 
Half-Space  
    

    In a homogeneous half-space, it is possible to find a third solution from the equations 

of motion. This solution for a wave that propagates in an elastic homogenous isotropic 

half-space, introduced by Lord Rayleigh (1855), and is called a Rayleigh wave. The 

solution can be obtained by starting with the equations of motion and imposing the 

boundary conditions for a free surface. In Figure 2.6 the coordinate convention is defined 

for an elastic half-space. 

              

Figure 2.6 Coordinate convention for elastic half-space. 

 

Displacements in the x- and z-directions , represented by u and w respectively, can be 

written in terms of two potential functions, Φ and Ψ: 

 

																													 	 				 				                                 (2.13) 
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The dilatation  ̅ of the wave defined by  and  is 

 

																			 ̅ Φ                     (2.14) 

 

And the rotation 2  in the x-z plane is 

 

																	2 Ψ		                  (2.15) 

 

It can be seen that Φ is associated with dilatation of the medium and Ψ associated with 

rotation of the medium. Substituting u and w into equation 2.6a and 2.6c gives 

 

																 2 Φ G Ψ 		             (2.16) 

and 

															 2 Φ G Ψ 		             (2.17) 

 

Equations 2.16 and 2.17 are satisfied if,  

 

																																												 Φ V Φ                              (2.18) 

and 

																																										 Ψ V Ψ	                                (2.19) 

 



18 
 

Assuming time-harmonic, plane waves traveling along the x direction, the displacement 

potentials are expressed by: 

 

																																									Φ F z exp i ωt Nx 	                         (2.20) 

and 

																																									Ψ G z exp i ωt Nx 			                        (2.21) 

  

where F(z) and G(z) are amplitudes that are functions of depth, ω is the circular 

frequency, and N is the wavenumber. Substituting Φ and Ψ from Equations 2.20 and 

2.21 into Equations 2.18 and 2.19, two ordinary differential equation are obtained: 

 

																																							 " 0	                          (2.22) 

																																						 " 0		                          (2.23) 

 

Solving Equation 2.22 and 2.23 gives: 

 

																																							 exp 	 	 	                        (2.24) 

																																						 exp 	 	 		                        (2.25) 

    

Where   and	 . Equations 2.20 and 2.21 can be written as 
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																									Φ exp 	i ωt Nx exp 	i ωt Nx 	       (2.26) 

and 

																									Ψ exp 	i ωt Nx exp 	i ωt Nx 		       (2.27) 

 

The constants , 	 ,  are real-value constants determined from the elastic 

homogeneous half-space. There is no displacement at infinite depth: 

 

																																									 , 0 as z → ∞	                                      (2.28) 

Therefore, 																					 0 

There are zero stresses at the free surface: 

 

																																						 , 0 , 0 0                                     (2.29) 

 

With this boundary condition applied, the result is obtained as follows: 

 

																																	
2 2

2 2
∙                             (2.30) 

 

Where  is the Rayleigh wave phase velocity. In order to get a non-trivial solution: 

 

																																	
2 2

2 2
0	                                   (2.31) 
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Equation 2.31 yields; 

 

																											 2 4 1
.

1
.

0                     (2.32) 

 

    Since Rayleigh waves are developed from the interaction of p waves and s waves, the 

Rayleigh wave velocity is related to the p-wave and s-wave velocities in the homogeneous 

elastic half-space. This means that Rayleigh wave velocities are independent of frequency 

in a homogeneous half-space. Therefore, Rayleigh wave propagation is non-dispersive in a 

homogeneous half-space. 

    In addition to Equation 2.32, Achenbach (1973) developed a simplified equation for 

estimating Rayleigh wave velocity from  and Poisson’s ratio . The formula is as 

follows: 

 

																																															 . .
                                   (2.33) 

 

In Figure 2.7, the relationship between	 ,	  and Poisson’s ratio ( ) is illustrated. 
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Figure 2.7 The relationship between Rayleigh wave velocity ( ), shear wave velocity 

( ) and Poisson’s ratio ( ). 

 

2.3.4 Fundamentals of Surface Wave Propagation in a Layered Medium  

In a layered medium where soil properties change with depth, Rayleigh wave phase 

velocities will change with changes in wavelength or frequency. This change in velocity 

(termed dispersion) is due to the frequency dependent penetration of surface waves as 

illustrated in Figure 2.8. 
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Figure 2.8 Illustration of wavelength (or frequency) dependent penetration of 

Rayleigh wave and resulting dispersion curve relating Rayleigh wave velocity to 

wavelength (Roesset, 1990). 

 

Dispersion arises because surface waves of different wavelengths sample different 

depths of a soil profile, as shown in Figure 2.8. The penetration depth of a surface wave 

depends on wavelength (Figure 2.3). Shorter wavelengths can be used to sample shallow 

portions of the profile and longer wavelengths can be used to sample deeper into the 

profile. In other words, when the wavelength is short, the particle motion is confined to 

shallow depths, and when the wavelength increases, particle motion extends to greater 

depths in the soil profile. By measuring surface wave velocities over a wide range of 

wavelengths, it is possible to sample material properties over a broad range of depths. 
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This is the key property that allows surface wave measurements to be used to infer profile 

conditions with depth. 

 

2.4 Surface Wave Measurements in Geotechnical Engineering 

2.4.1 Overview and Applications  

Geophysical measurements using surface waves have become important and in 

widespread use as a means to non-destructively and non-intrusively characterize 

geotechnical site conditions. Surface waves measurements are used to developed shear 

wave velocity ( ) profiles which can be related to the small-strain shear modulus (G) of 

the soil, an important parameter for dynamic and static geotechnical analysis.  

Surface wave measurement methods have several advantages over traditional 

methods such as drilling and sampling. These advantages include: 

— lower cost than traditional borehole methods,  

— no disturbance to soil, and  

— the global properties of a large volume of soil are sampled as opposed to the        

localized measurements from traditional drilling and sampling. 

Surface wave measurements are applied to a variety of problems in geotechnical 

engineering including: earthquake site response analysis, quality control for field 
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procedures, machine vibration problems, liquefaction resistance, and offshore 

applications. 

 

2.4.2 General Measurement Procedures and Equipment  

There are several common surface wave methods (SWM) used in geotechnical 

applications that differ somewhat in how they are implemented. However, the general 

procedures for performing surface wave measurements all consist of the three following 

basic steps:  

(1) data collection, 

   (2) data processing, and 

(3) data inversion/ forward modeling. 

 

    These three steps in surface wave measurements are discussed below: 

 

2.4.2.1 Data Collection 

    Time records of ground vibrations are collected using two or more 

vertically-oriented receivers as shown in Figure 2.9 (a) and (b), for the 2-channel SASW 

method and the multi-channel method, respectively. 
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Figure 2.9 Data collection arrangement for (a) two-channel SASW method and (b) 

multi-channel surface wave measurements. 

 

    Surface wave measurements can be performed using either an active source or 

passive ambient noise. Active sources used to generate dynamic forces include: sledge 

hammers, drop weights, bulldozers, or hydraulic Vibroseis equipment. In general, more 

massive impact sources will generate lower-frequency (longer-wavelength) energy. 

Vibroseis equipment can be used to generate very long-wavelength (low-frequency) 

energy. In contrast with Vibroseis equipment, sledge hammers can be used to generate 

very short-wavelength (high-frequency) energy. Passive sources are frequently generated 

by either natural processes (such as ocean waves) or man-made noise (such as traffic 

noise). In this thesis, the research is focused on surface waves generated using active 

sources applied some distance from the receiver array.  

(a) 

(b) 
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The receivers used to measure surface waves are usually highly sensitive geophones 

to detect small surface vibrations. These geophones are typically vertically-oriented to 

detect the vertical component of surface wave motion. The particle velocity at the ground 

surface is transformed into a voltage output by a coil moving through a magnetic field. The 

voltage output is transformed to particle velocity by using the calibration constant (V/m/s) 

for the geophone. The geophone should be operated at frequencies above the natural 

frequency of the geophone. At most geotechnical sites, frequencies of interest are usually 

in the range from 5 Hz to several hundred Hz, therefore, geophones with resonant 

frequencies of 4.5 Hz or lower are typically used.  

 

2.4.2.2 Data Processing 

    The experimental data collected from the field is used to develop dispersion curves 

relating phase velocity to frequency (or wavelength), as shown in Figure 2.10. The data 

processing procedures involve phase unwrapping for the SASW method and wavefield 

transformation for multi-channel methods, as will be discussed in detail in Sections 2.4.3.3 

and 2.4.4.2, respectively. 
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   (a) Time records 

   

   (b) Dispersion curve 

Figure 2.10 Illustration of transforming time records to dispersion curve.  

 

2.4.2.3 Data Inversion/ Forward Modeling 

Forward modeling is a procedure to estimate the  profile of a site by comparing a 

theoretical dispersion curve from an assumed  profile with an experimental dispersion 

curve obtained from field measurements, as illustrated in Figure 2.11. The forward 

modeling flow chart is presented in Figure 2.12.  

Receiver 

Offset 

Distance 

Time 
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Figure 2.11 Forward modeling or inversion of surface wave measurements to match a 

theoretical dispersion curve to measured dispersion curve. 

 

The first step in forward modeling is to assume a  profile of the site being 

investigated. This initial model is typically developed from the dispersion data. The 

second step is to generate a theoretical dispersion curves from the assumed  profile. 

The third step is to compare the theoretical dispersion curve with the experimental 

dispersion curve determined from the measurements of Rayleigh wave velocities at the 

real site. Finally, if the theoretical dispersion curve does not fit sufficiently with the 

experimental dispersion cure, it means that the assumed  profile and the actual  

profile are not the same. The assumed  profile is adjusted and the procedure is 

repeated until an acceptable fit is achieved. 
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Figure 2.12 General flow chart of SWM forward modeling procedures. 

 

Inversion is an automated approach to develop the  profile, where the differences 

between the experimental and theoretical dispersion curves are minimized. A typical 

approach is to use an iterative, least squares algorithm to minimize the differences. 

In the next section, two common active-source methods will be discussed in detail, 

namely the SASW method and a multi-channel wavefield transformation method. These 

two methods are widely applied in practice to geotechnical engineering problems. The 
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SASW method has been in use for more than two decades and has the advantage of simple 

data collection. The multi-channel method is a more recent approach for surface wave 

measurements in geotechnical engineering. It should be noted that there are also passive- 

source methods for surface wave measurements, but these methods will not be discussed 

in this study. 

 

2.4.3 Spectral-Analysis-of-Surface-Wave Method (SASW)  

2.4.3.1 Overview of the SASW Method 

The Spectral-Analysis-of-Surface-Waves method (SASW) was first proposed as a 

method for geotechnical investigation by a group of researchers at the University of 

Texas at Austin in the 1980s. Stokoe and Nazarian (1983) developed the SASW method, 

which evolved from the steady-state Rayleigh wave method (Richart et al., 1970). It has 

become widely used among geotechnical engineers and researchers.  The SASW method 

is one of several methods using Rayleigh wave measurements to determine  profiles at 

geotechnical sites. The main advantage is the simplicity of two receiver data collection. 

In the next section, the three surface wave measurement steps of the SASW method are 

discussed. 
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2.4.3.2 Data collection for the SASW method 

    The SASW testing set up is shown in Figure 2.13. The measurement equipment 

includes a source, two receivers and a data acquisition system.  

 

 

Figure 2.13 SASW method configuration (Stokoe et al., 1994) 

    The source-to-first receiver distance and the receiver-to-receiver distance are usually 

kept equal. The source is offset from the first receiver to minimize near-field effects, as 

will be discussed in Section 2.5. Typically, the SASW method uses a maximum 

wavelength that is equal to twice the source-to-first receiver spacing. Since surface wave 

particle motions sample maximum depths of about one-half of the wavelength, the depth 
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of penetration into the subsurface is typically about equal to the source-to-first receiver 

spacing. 

    To make a measurement over a broad range of frequencies (or wavelengths), it is 

necessary to perform the measurement several times with different source and receiver 

locations. Surface wave measurements are repeated with multiple two-receiver set-ups as 

shown in Figure 2.14, while maintaining a constant array center. This arrangement of 

receivers is called the common receivers midpoint (CRM) geometry. The two receivers 

are located equal distances from a centerline which is kept fixed. Testing is performed 

with various receiver spacings and source offsets. The distance between the source (s) 

and first receiver (d1) is increased to allow for measurements of longer wavelength, while 

the distance between the two receivers (d1-d2) is kept equal to the source to first receiver 

(s- d1) spacing. Measurements are performed for both forward and reverse directions at a 

given receiver spacing. 
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Figure 2.14 Common receivers midpoint geometry used for SASW testing (Stokoe et 

al., 1994).  

 

2.4.3.3 Processing of SASW Data 

The time record pairs recorded in the SASW measurement are transformed from the 

time domain into the frequency domain by a Fast Fourier Transform (FFT) procedure. 

The cross power spectrum is calculated to create a wrapped phase plot, showing the 

relative ±1800 phase lead or lag as a function of frequency (Joh, 1996). Figure 2.15(a) 

shows an example of a wrapped phase plot between two receivers as a function of 

frequency.  
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Figure 2.15 Sample SASW data showing (a) wrapped phase spectrum. (b) unwrapped 

phase spectrum. (Joh, 1996) 

 

The cumulative phase shift between two receivers is determined by manually 

unwrapping the phase plot by identifying 360-degree jumps in the wrapped phase (Figure 

2.15 b). One important point that should be noted is that some portions of the phase plot 

should not be used. The first part is where the wavelength is longer than the near-field 

criteria (i.e. <1800 phase shift), the second part is where data have low signal-to-noise 

ratio as indicated by a low value of the coherence function. The phase velocity of the 

(a) 

(b) 
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surface wave is calculated from: 

 

																																				 ∙ ∙ ∙                       (2.34)  

 

where, 	is frequency,  is wavelength,  is unwrapped phase shift,  is the spacing 

between the two receivers, and  is the circular frequency. With the phase velocity 

calculated at each frequency, a cumulative dispersion curve can be generated from all of 

the receiver arrangements that were used, as shown in Figure 2.16. 

        

Figure 2.16 Composite experimental dispersion curves from multiple receiver spacings 

(Stokoe et al., 1994).  

  

    Since the SASW method does not measure a wide range of frequencies at the same 

time, the dispersion curve is developed by combining several individual dispersion curves. 

For a laterally uniform site, the different sections of the dispersion curve will overlap and 
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a single experimental dispersion curve can be created. 

 

2.4.3.4 SASW Data Inversion / Forward Modeling  

    Originally, the SASW method used a plane wave fundamental-mode Rayleigh wave 

of the assumed  profile to match to the experimental dispersion curves (Roesset et al., 

1990). However, it became apparent that in many cases the dispersion curve measured 

from the SASW approach is an “effective” dispersion curve with contributions from 

several surface wave modes and body waves. The next approach was to use a theoretical 

dispersion curve developed by calculating displacements due to a surface disk load at 

distances of 2λ and 4λ (far-field) from the source. Figures 2.17 (a) and (b) show forward 

modeling of an assumed  profile to calculate the theoretical dispersion curve to fit the 

experimental dispersion curve using this approach. It can be seen that the theoretically 

dispersion curves get closer and closer to the experimental dispersion curve until these 

two dispersion curve fit together. Therefore, the assumed  profile can be considered as 

the  profile of the testing site. 
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Figure 2.17 Example SASW data analysis showing (a) assumed  profile and (b) 

comparison between experimental and theoretical dispersion curves (Stokoe et al., 1994).   
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    The most recent procedures simulate the displacement at receiver locations due to a 

disk load at the source location, and minimize the fit to each individual dispersion curve 

(Joh, 1996). In doing this, multi-mode contributions and near-field effects (discussed in 

Section 2.5) due to body wave contributions and the cylindrically-spreading wavefront 

are accounted for in the theoretical model. 

  

2.4.4 Multi-Channel Wavefield Transformation Methods 

    In the late 1990’s, advances in inexpensive multi-channel data acquisition 

equipment lead to the development of multi-channel surface wave methods for 

geotechnical applications (e.g. Park, 1999). Multi-channel methods use a single 

multiple-channel array to collect surface wave data. Data is processed using one of 

several possible wavefield transformation procedures. The main advantage of 

multi-channel methods is that there is no need for manual unwrapping of phase plots, and 

with a long-array it is often possible to separate multiple surface wave modes. 

 

2.4.4.1 Data Collection for Multi-Channel Method 

    Multi-channel methods use multiple receivers (usually 12 to 32) in a linear array 

connected to a multi-channel seismograph, or dynamic signal analyzer, as shown in Figure 

2.18.  
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Figure 2.18 Multi-channel method data collection arrangement (Park et al., 1997). 

 

    Like the SASW method, multiple types of sources can be used in the multi-channel 

method to generate surface wave energy, including impact sources, random noise, or 

controlled swept-sine sources. Receivers are placed in a linear array with equal spacing 

between vertically-oriented geophones. Unlike the SASW method, the criteria of source 

offset distance for the multi-channel method is not well established, which is the subject of 

this research. 

 

2.4.4.2 Data processing of Multi-channel Data 

    Several methods are available to extract dispersion data from multiple time records 

recorded in the field. Common methods used in geotechnical applications include: 

(a) Multi-channel Analysis of Surface Waves (MASW) method (Park, 1999), 

(b) frequency-wavenumber (f-k) transformation (Zywicki, 1999), and  
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(c) slant-stack method (McMechan and Yedlin, 1981). 

    The objective of these methods is to develop dispersion curves from multiple time 

records, as illustrated in Figure 2.19.  

                  

                           (a) Multi-channel time records 

           

      (b) Dispersion curve 

Figure 2.19 Example of multi-channel data showing (a) time records and (b) 

dispersion curve (Park et al., 1998a). 

 

    Multi-channel processing methods are faster and simpler to apply because these 
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processing techniques, unlike the SASW method, do not require calculation of phase 

velocity from a manually unwrapped phase plot. Therefore, it is easier to automate the 

entire procedure. In this study, the f-k method was used. A detailed description of the 

method is provided in Section 3.5. 

 

2.4.4.3 Data Inversion/Forward modeling of Multi-channel Data 

    Back calculation of the  profile (inversion of the dispersion curve) is 

accomplished iteratively, using the measured experimental dispersion curve as a 

reference for either forward modeling or an automated inversion approach. The 

multi-channel forward modeling procedures are basically the same as the SASW method, 

as shown in Figure 2.9 (c), with one very important difference. Nearly all multi-channel 

methods use a fundamental mode plane-wave dispersion curve in the forward model. 

Therefore, unlike current implementations of the SASW method, which model all wave 

contributions (near and far field), the multi-channel methods depend on a model that does 

not include the influence of near-field effects. Therefore, it is critical that data collected 

with multi-channel arrays is not contaminated by near-field contributions. The question 

of how far the source needs to be from the receiver array to mitigate near-field effects is 

the main subject of this thesis. 
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2.5 Near-Field Effects on Surface Wave Measurements 

2.5.1 Overview of Near-Field Effects 

    In recent years, the use of array-based, multi-channel surface wave methods has 

become widespread for geotechnical applications. Most of the multi-channel analysis and 

inversion procedures used in practice are based on a plane-wave forward model. 

Nevertheless, in multi-channel measurements the active source is often placed very close 

to the receiver array (as illustrated in Figure 2.20), which will lead to contributions from 

cylindrically spreading Rayleigh waves and interference from body waves (Zywicki, 1999). 

The measured phase velocity will be influenced if the source is too close to the array. These 

adverse effects are called near-field effects. When these effects are strong, the far-field 

plane-wave dispersion model assumption is not valid.  

 

 

Figure 2.20 Illustration of source location relative to receiver array in terms of source to 

first receiver distance (S-R1) and source to array center distance (AC). 

       

    For the plane wave assumption to be valid, the measurements must be performed far 



43 
 

enough from the active source such that near-field effects are negligible. Because 

near-field effects from cylindrical spreading waves and body waves decrease with distance, 

surface waves from a source that has enough distance from the receiver array will closely 

approximate a plane Rayleigh wave. 

    According to the results presented by Yoon and Rix (2009), near-field effects cause the 

measured Rayleigh wave phase velocities to be underestimated by as much as 30% in the 

lower frequency range. The back calculation of the  profile is based on the inversion or 

forward modeling of experimental dispersion curves. An incorrect dispersion curve will 

lead to an erroneous  profile estimation. It is important to minimize near-field effects so 

that the deviation in the dispersion curve and resulting errors in the  profile can be 

decreased. In the next section, several past studies concerning near-field effects applied to 

the SASW method and the multi-channel method will be discussed. 

 

2.5.2 Past Studies of Near-field Effects Applied to the SASW Method 

    Near-field effects have been studied extensively for the testing arrangement used in 

the SASW method (Heisey et al., 1982; Sanchez-Salinero etal., 1987; Hiltunen and 

Woods, 1990; Gucunski and Woods, 1992; Al-Hunaidi, 1993), as summarized in Table 

2.1 (Yoon and Rix, 2009). Most of this past work is based on numerical simulation and 
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resulted in recommendations for a filtering criterion (maximum interpretable λ) to 

mitigate near-field effects. 

 

Table 2.1 Summary of SASW filtering criterion (Yoon and Rix, 2009) 

 
 

    In Table 2.1, λ  is the Rayleigh wave wavelength,  is the source-to-first 

receiver distance, and d is the spacing between the two receivers. Since the SASW 

method is a two-receiver method, the filtering criterion is usually expressed as a function 

of the ratio between wavelength of Rayleigh wave (λ  and the source-to-first receiver 

distance ( ), as shown in Figure 2.21. It is obvious from Table 2.1 that the filtering 

criterion varies significantly among the different researchers. The most common filtering 

criterion adopted in practice for the SASW method is that the maximum measured 

wavelength λ  should be less than 2 times the source to first receiver distance, , to 

avoid near-field effects, as illustrated in Figure 2.21.  
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Figure 2.21 General criterion (max ) used in the SASW method to minimize 

near-field effects  ( , 2 . 

 

2.5.3 Recent Studies of Near-field Effects Applied to Multi-channel Methods 

    Studies of near-field effects applied to multi-channel array methods are much less 

prevalent. Some past studies of multi-channel surface wave measurements showed 

measurements using f-k analysis had less near-field effects than the SASW method 

(Tokimastu, 1995; Foti, 2000; Hebeler, 2001). Nevertheless, near-field effects have not 

been extensively studied for multichannel methods, and there are no generaly accepted 

criteria regarding the appropriate source offset to mitigate near-field effects. A literature 

review of multi-channel studies shows that a wide range of source offset distances from 

the receiver array has been used in practice (e.g. Miller et al., 1999, Park et al., 2002, and 

Xia et al., 2006).  

    Two recent studies of near-field effects for multi-channel arrays have suggested 

identifying near-field effects by normalized the wavelength with either spread-length 

(Bodet, 2009) or distance to the array center (Yoon and Rix, 2009). These studies are 



46 
 

discussed below along with some experimental results presented by Rosenblad and Li 

(2011). 

2.5.3.1 Study of Near-field Effects by Bodet (2009) 

    In this study by Bodet (2009), both numerical and physical modeling was used to 

evaluate near-field effects for two soil profiles. The first model was chosen as a 

homogeneous half-space (p-wave velocity: 1200 m· ; s-wave velocity: 683 m· ; 

density: 1500 kg· ) so as to represent a non-dispersive case. The second model 

consisted of a 10-m thick homogeneous layer of lower stiffness (p-wave velocity: 773 

m· ; s-wave velocity: 413 m· ; density: 1500 kg· ) above a half space with the 

same properties as the first model so as to create a dispersive case. Each layer was defined 

as elastic and isotropic. The receiver-to-receiver spacing was kept equal to the 

source-to-first receiver spacing and array lengths varied from 24 to 192 m. The array 

set-ups are shown in Table 2.2 and illustrated in Figure 2.22 as follows: 

 

Table 2.2 Array setting for surface wave measurements (Bodet, 2009) 

Receivers(number) Spacing(m) Spread length(m) Array center(m) 

96 2 192 98 

96 1 96 49 

48 1 48 25 

24 1 24 13 
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Figure 2.22 Multi-channel array configurations used in the study by Bodet (2009). 

Source to first receiver spacing is equal to inter-receiver spacing.  

 

    The conclusions of this study were that the measured velocity was systematically 

underestimated by up to 5% of the true value for wavelengths on the order of half the 

spread length, and up to 10% for wavelengths on the order of the entire spread length. The 

phase velocity underestimation (near-field effects) became significant (>5%) once the 

measured wavelength exceeded 50% of spread length. 

 

2.5.3.2 Near-field Effects Study by Yoon and Rix (2009) 

    Yoon and Rix (2009) performed numerical and experimental studies of near-field 

effects on multi-channel surface wave measurements. The  profiles and soil properties 

used in their numerical simulation are shown in Figure 2.23 and Tables 2.3 (a) – (d). 
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Figure 2.23 Shear wave velocity profiles used by Yoon and Rix (2009) 

 

 

Table 2.3 Parameters used in the study by Yoon and Rix (2009)      

 (a) Case 1 

Layer No Thickness(m)  (m/sec) Poisson's ratio Damping ratio Mass density (t/m3)

Half-Space ∞ 200 0.3 0 1.8 

 

(b) Case 2 

Layer No Thickness(m)  (m/sec) Poisson's ratio Damping ratio Mass density (t/m3)

1 5 200 0.3 0 1.8 

2 10 300 0.3 0 1.8 

3 10 400 0.3 0 1.8 

Half-Space ∞ 500 0.3 0 1.8 
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(c) Case 3 

Layer No Thickness(m)  (m/sec) Poisson's ratio Damping ratio Mass density (t/ m3)

1 5 300 0.3 0 1.8 

2 10 200 0.3 0 1.8 

3 10 400 0.3 0 1.8 

Half-Space ∞ 500 0.3 0 1.8 

 

(d) Case 4 

Layer No Thickness(m)  (m/sec) Poisson's ratio Damping ratio Mass density (t/m3)

1 5 200 0.3 0 1.8 

2 10 400 0.3 0 1.8 

3 10 300 0.3 0 1.8 

Half-Space ∞ 500 0.3 0 1.8 

 

This study also included laboratory simulations, and field measurements. One 

interesting aspect of this work was that they suggested using a near-field criterion for a 

multi-channel array based on a normalized distance from the source to the array center. 

Two important parameters were introduced in their paper (Figure 2.24) that will be used 

throughout this study. The normalized array center distance (NAC) is defined as: 

 

                    NAC=                               (2.35) 

	 	

where, AC is distance from source to the center of the array (Figure 2.24) and 	is the 

wavelength of Rayleigh wave. 
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	 	 	 The measured Rayleigh wave velocity was also presented as a normalized value: 

 

 

       Normalized Rayleigh Wave Velocity =                    (2.37) 

 

Where,  is measured Rayleigh wave velocity (with near-field effects) at a specific 

frequency and ,  is the “far field” plane Rayleigh wave velocity (without near 

field effects). 

    Yoon and Rix (2009) demonstrated that the NAC distance is a more effective 

parameter for quantifying near-field effects than the source-to-first receiver distance used 

in the SASW method. Figure 2.25 shows an example of a normalized plot from the 

numerical simulation of Case 2 with different source to first receiver distances.  

 

	 	 	 	 	 	 	 	 	  

	

Figure 2.24 Illustration of array center distance (AC) used in normalized parameter 

calculation. 
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Figure 2.25 Example of a normalized plot with two normalized parameters for Case 2 

(Yoon and Rix, 2009). Arrows indicate NAC values for 2% and 5% reduction in 

normalized Rayleigh wave velocity. 

     

    The major conclusion from the simulations of all cases performed by Yoon and Rix 

(2009) is that near-field effects became significant when the NAC was less than about 1 to 

2. Figure 2.26 shows what these criteria means in terms of the maximum wavelength that 

can be used. For NAC=1, these must be one or more wavelengths between the source and 

the AC and for NAC=2, there must be two or more wavelengths between the source and 

AC. It is important to note that this is a fairly restrictive criterion and requires that the 

source be located far from the array. For example, if a wavelength of 100 m is to be 

measured, the source would need to be 200 m from the array center to meet the NAC ≥ 2 
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criterion. 

 

 
Figure 2.26 Criteria suggested by Yoon and Rix (2009) showing maximum 

interpretable wavelength for: (a) NAC=1 and (b) NAC=2.   

 

2.5.3.3 Field Study by Rosenblad and Li (2011) 

    Rosenblad and Li (2011) performed an extensive experimental study of surface 

wave measurements at eleven sites in the Mississippi embayment in the central United 

States (Figure 2.27). A sample  profile developed from one of the eleven sites is 

shown in Figure 2.28. 

 

(a) 

(b) 
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Figure 2.27 Eleven surface wave measurement site locations in the Mississippi 

embayment by Rosenblad and Li (2011). 

 

                  

Figure 2.28 A sample  profile from the study in the Mississippi embayment by 

Rosenblad and Li (2011). 

 

       In this study surface wave measurements were performed using three 

multi-channel array configurations, as shown in Figure 2.29 and Table 2.4. 
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Figure 2.29 Multi-channel array configurations used in study by Rosenblad and Li 

(2011). 

 

Table 2.4 Field testing array configurations used in Mississippi embayment study. 

Array 

number 

Source 

offset(m) 
Receiver spacing (m)

Receiver 

number 
Array center(m) 

Maximum 

spatial 

lag(m) 

Array 1 5.5 1.83 12 15.565 20.13 

Array 2 40 8 16 100 120 

Array 3 160 24 17 352 384 

 
     

    These three types array configurations allowed for comparisons of Rayleigh wave 

velocities to be made at the same frequency but with different NAC values. Rosenblad 

and Li (2011) observed that near-field effects generally occurred at significantly lower 

NAC values than suggested by Yoon and Rix (2009). The data did not show a consistent 

reduction in normalized Rayleigh wave velocity until the NAC distance was about 0.5 or 

less. 
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    Figure 2.30 shows an example of dispersion curves measured using a short array 

(Array 2 in Table 2.4) and a long array (Array 3 in Table 2.4). From this comparison, it is 

apparent that near-field effects did not occur until a wavelength of about 250 m. Using 

the AC distance of 100 m for Array 2, this corresponds to a NAC value of 0.4. The 

arrows in Figure 2.30 show where the Yoon and Rix (2009) criterion of NAC=1~2 would 

predict near-field effects to begin. Similar results were obtained at other sites (Rosenblad 

and Li, 2011). Figure 2.31 illustrates what this low NAC value looks like in terms of the 

maximum interpretable wavelength.  

     
Figure 2.30 Experimental dispersion curves from the Mississippi embayment showing 

observed near-field effects at λ = 250 m (thin arrow) and much lower predicted values 

using Yoon and Rix (2009) criteria (bold arrows). 

Rosenblad and Li (2011) observation 

Yoon and Rix (2009) criteria 
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Figure 2.31 Illustration of maximum interpretable wavelength for a NAC value 
of 0.4.  
 

 

2.5.4 Limitations of Past Studies 

    The apparent inconsistency between the conclusions made by Yoon and Rix (2009) 

and the field observations made by Rosenblad and Li (2011) is the motivation for this 

research. One of the key assumptions used in the study by Yoon and Rix (2009) is that all 

simulated and experimental soil profiles were unsaturated (Poisson’s ratio=0.3). However, 

the sites in the Mississippi embayment are known to have a very shallow water table (~2 

to 3 m), and hence the saturated soil has Poisson’s ratio values in the range of 0.4 to 0.49. 

It is hypothesized in this study that the influence of the shallow water table and the 

associated higher values of ν influence near-field effects in surface wave measurements. 

This hypothesis is investigated by performing simulations of surface wave propagation at 

unsaturated (ν=0.3) and saturated (ν = 0.4 to 0.49) sites. The methods used to perform 

these simulations are discussed in Chapter 3. 
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Chapter 3 Methodology 

 

3.1 Introduction 

    In this chapter, the methods used to perform numerical simulations of multi-channel 

surface wave measurements are described. First, the simulation array geometry used in 

this study is described. Second, the five synthetic  profiles and one real  profile 

from the Mississippi embayment field study that were used in the simulations are 

presented. Third, the two computer programs that were used to perform the simulations 

are described. These programs are FitSASW, used to model surface displacements 

including near-field contributions, and mat_disperse, a Matlab program to model motions 

due to plane Rayleigh waves (without near-field effects). Next, the procedures used to 

transform the time-domain data from FitSASW (data with near-field effects) and 

mat_disperse (with no near-field effects) into dispersion curves using the f-k 

transformation method are described. Last, the normalized parameters used in this study 

and proposed by Yoon and Rix (2009) are discussed.  
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3.2 Simulation Array Geometry  
 

    The numerical study was performed using the same array geometry and array 

notation as was used in the study by Yoon and Rix (2009). Figure 3.1 shows the general 

array set up and notation used. In the notation 5SR5RR-30 for example, 5SR denotes 5 m 

source-to-first receiver distance, 5RR denotes 5 m receiver-to-receiver distance, and 30 

indicates the number of receivers in the array.  

  

 

Figure 3.1 Array set-up and notation used in the simulations. 

 

    For each simulated profiles (A, B, C, D, and E), the same array geometries 

(5SR1RR, 7SR1RR and 10SR1RR) were used with both 15 and 30 receivers (Table 3.1). 

Another simulation was performed using a  profile from a field site in the Mississippi 

embayment. In this case, the same array geometries used in the field were also used in the 
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simulation (namely, 5.5SR1.83RR-12, 40SR8RR-16, 160 SR24RR-17).  

 

Table 3.1 Array geometries used in numerical simulation for each  profile  

Profile number Array Array center (m) Number of receivers 

Profile A, B, C, D, E 

5SR1RR-15 12 

15 7SR1RR-15 14 

10SR1RR-15 17 

5SR1RR-30 19.5 

30 7SR1RR-30 21.5 

10SR1RR-30 24.5 

Profile from 

Mississippi 

Embayment 

5.5SR1.83RR-12 15.565 12 

40SR8RR-16 100 16 

160 SR24RR-17 352 17 

 

    In Table 3.1, the array center (AC) is the average distance from the source to each 

receiver, calculated as: 

																																					AC
∑ 	 	 	 	 	 	

	 	
             (3.1)    

 

3.3 Soil Profiles Used in the Numerical Simulation 

     Five synthetic  profiles and one  profile from a real site in the Mississippi 

embayment were used in the numerical simulation. The depths of the five synthetic 

profiles are the same as was used in the Yoon and Rix (2009) study. The five synthetic 

profiles denoted as Profiles A, B, C, D, and E, are shown in Figure 3.2.  
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  (a) Profile A                           (b) Profile B 

  

             (c) Profile C                           (d) Profile D 

 

             (e) Profile E 

 

Figure 3.2 Simulated  profiles used in numerical simulations: (a) Profile A (b) 

Profile B (c) Profile C (d) Profile D and (e) Profile E. 
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                  (a) Profile from Mississippi Embayment 

 

Figure 3.3  profile from a site in the Mississippi embayment and used in the 

numerical simulation. 

  

    Profile A is a homogeneous half-space with a constant  profile ( = 200 m/s) with 

depth, as shown in Figure 3.4. Profile B (Figure 3.5) is a case with anon-linear increase in 

 with depth, changing from = 200 m/s to 372 m/s. Profile C (Figure 3.6) is a case 

with a linear increase in  with depth, varying from = 200 m/s to 500 m/s. Profile D 

(Figure 3.7) is a case with a non-linear increase in  values, varying from = 382 m/s 
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to 699 m/s. Last, Profile E (Figure 3.8) is a case with a linear increase in  with depth 

varying from =200 m/s to 800 m/s. All of these  profiles are simple but realistic 

conditions that may exist in the field. It can be seen in Figure 3.2 that the changes in   

values become larger with depth from Profile A to Profile E. These different profiles are 

used to explore the effect  gradient has on near-field effects. Tables 3.2 to 3.11 present 

the properties of each profile for: unsaturated conditions (ν=0.3) and saturated conditions 

( = 1600m/s). These  profiles were also studied for the case of ν=0.4 and tables of 

values for this case are presented in Appendix (B). The different saturation conditions 

were used to evaluate the effect Poisson’s ratio has on near-field effects. In addition to the 

five synthetic profiles, simulations were also performed using a measured  profile 

from the Mississippi embayment. This profile extends to a depth of over 250 m, as 

presented in Figure 3.3 and Table 3.12. In this case the ground water table was very close 

to the ground surface (~3.5m depth) so much of the profile is saturated (ν from 0.4 to 

0.49). The simulation of this site is later compared to the observations made from the 

field studies in the Mississippi embayment. 
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Figure 3.4  profile with depth for Profile A. 

 

Table 3.2 Profile Parameters for Profile A under Unsaturated Conditions 

Depth P-Wave Velocity S-Wave Velocity Density Poisson's Ratio Damping Ratio

(m) (m/s) (m/s) (g/cm3) ν d 

0-5m 374 200 1.8 0.3 0.02 

5-15m 374 200 1.8 0.3 0.02 

15-25m 374 200 1.8 0.3 0.02 

25-35m 374 200 1.8 0.3 0.02 

 

Table 3.3 Profile Parameters for Profile A under Saturated Conditions 

Depth P-Wave Velocity S-Wave Velocity Density Poisson's Ratio Damping Ratio

(m) (m/s) (m/s) (g/cm3) ν d 

0-5m 1600 200 1.8 0.4921 0.02 

5-15m 1600 200 1.8 0.4921 0.02 

15-25m 1600 200 1.8 0.4921 0.02 

25-35m 1600 200 1.8 0.4921 0.02 
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Figure 3.5  profile with depth for Profile B. 

 

Table 3.4 Profile Parameters for Profile B under Unsaturated Conditions 

Depth P-Wave Velocity S-Wave Velocity Density Poisson's Ratio Damping Ratio 

(m) (m/s) (m/s) (g/cm3) ν d 

0-5m 374.17 200 1.8 0.3 0.02 

5-15m 529.44 283 1.8 0.3 0.02 

15-25m 628.60 336 1.8 0.3 0.02 

25-35m 695.95 372 1.8 0.3 0.02 

 

Table 3.5 Profile Parameters for Profile B under Saturated Conditions 

Depth P-Wave Velocity S-Wave Velocity Density Poisson's Ratio Damping Ratio 

(m) (m/s) (m/s) (g/cm3) ν d 

0-5m 1600 200 1.8 0.4921 0.02 

5-15m 1600 283 1.8 0.4839 0.02 

15-25m 1600 336 1.8 0.4769 0.02 

25-35m 1600 372 1.8 0.4714 0.02 
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Figure 3.6  profile with depth for Profile C. 

 

Table 3.6 Profile Parameters for Profile C under Unsaturated Conditions 

Depth P-Wave Velocity S-Wave Velocity Density Poisson's Ratio Damping Ratio 

(m) (m/s) (m/s) (g/cm3) ν d 

0-5m 374.17 200 1.8 0.3 0.02 

5-15m 561.25 300 1.8 0.3 0.02 

15-25m 748.33 400 1.8 0.3 0.02 

25-35m 935.41 500 1.8 0.3 0.02 

 

Table 3.7 Profile Parameters for Profile C under Saturated Conditions 

Depth P-Wave Velocity S-Wave Velocity Density Poisson's Ratio Damping Ratio 

(m) (m/s) (m/s) (g/cm3) ν d 

0-5m 1600 200 1.8 0.4921 0.02 

5-15m 1600 300 1.8 0.4818 0.02 

15-25m 1600 400 1.8 0.4667 0.02 

25-35m 1600 500 1.8 0.4459 0.02 
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Figure 3.7  profile with depth for Profile D. 

 

Table 3.8 Profile Parameters for Profile D under Unsaturated Conditions 

Depth P-Wave Velocity S-Wave Velocity Density Poisson's Ratio Damping Ratio 

(m) (m/s) (m/s) (g/cm3) ν d 

0-5m 714.66 382 1.8 0.3 0.02 

5-15m 995.28 532 1.8 0.3 0.02 

15-25m 1182.36 632 1.8 0.3 0.02 

25-35m 1307.71 699 1.8 0.3 0.02 

 

Table 3.9 Profile Parameters for Profile D under Saturated Conditions 

Depth P-Wave Velocity S-Wave Velocity Density Poisson's Ratio Damping Ratio 

(m) (m/s) (m/s) (g/cm3) ν d 

0-5m 1600 382 1.8 0.4698 0.02 

5-15m 1600 532 1.8 0.4379 0.02 

15-25m 1600 632 1.8 0.4076 0.02 

25-35m 1600 699 1.8 0.3821 0.02 
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Figure 3.8  profile with depth for Profile E. 

 

Table 3.10 Profile Parameters for Profile E under Unsaturated Conditions 

Depth P-Wave Velocity S-Wave Velocity Density Poisson's Ratio Damping Ratio 

(m) (m/s) (m/s) (g/cm3) ν d 

0-5m 374.17 200 1.8 0.3 0.02 

5-15m 748.33 400 1.8 0.3 0.02 

15-25m 1122.50 600 1.8 0.3 0.02 

25-35m 1496.66 800 1.8 0.3 0.02 

 

Table 3.11 Profile Parameters for Profile E under Saturated Conditions 

Depth P-Wave Velocity S-Wave Velocity Density Poisson's Ratio Damping Ratio 

(m) (m/s) (m/s) (g/cm3) ν d 

0-5m 1600 200 1.8 0.4921 0.02 

5-15m 1600 400 1.8 0.4667 0.02 

15-25m 1600 600 1.8 0.4182 0.02 

25-35m 1600 800 1.8 0.3333 0.02 
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Table 3.12 Profile values used in simulation of surface wave measurements for a site in 

the Mississippi embayment (water table at a depth of 3.5m depth) 

Thickness 

(m) 

P-Wave 

Velocity 

(m/s) 

S-Wave 

Velocity 

(m/s) 

Density 

(g/cm3) 

Poisson's 

Ratio 

(ѵ) 

Damping 

Factor 

(d) 

0.5 314.42 171 1.9 0.29 0.02 

1 305.23 166 1.9 0.29 0.02 

2 404.52 220 1.9 0.29 0.02 

2.5 1600 114 1.9 0.4974 0.02 

3.1 1600 265 1.9 0.4859 0.02 

4 1600 258 1.9 0.4867 0.02 

4.9 1600 271 1.9 0.4852 0.02 

6.1 1600 309 1.9 0.4806 0.02 

7.5 1600 332 1.9 0.4775 0.02 

9.5 1600 333 1.9 0.4774 0.02 

12 1600 320 1.9 0.4792 0.02 

15 1600 329 1.9 0.4779 0.02 

19 1600 356 1.9 0.4740 0.02 

23 1600 412 1.9 0.4645 0.02 

29 1600 487 1.9 0.4489 0.02 

36 1800 579 1.9 0.4247 0.02 

45 1800 697 1.9 0.4118 0.02 

∞ 1800 789 1.9 0.3811 0.02 
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3.4 Models Used to Simulate Surface Wave Measurements With and 
Without Near-field Effects 
 

    To study the effect of source location on near-field effects, it was necessary to 

simulate surface wave measurements with and without near-field effects. The two 

programs used to perform the simulations are described below. 

 

3.4.1 Full-wave Model (FitSASW) 

    Surface wave measurements are performed in the field by exciting ground motions 

and recording the motions using receivers located on the ground surface. The measured 

ground motions include cylindrically spreading surface wave modes as well as body 

wave contributions. To mathematically simulate the ground motions, it is necessary to 

calculate the Green’s function relating the ground displacements at a given receiver 

location to a dynamic load acting on a horizontally layered medium. In this study the 

full-wave displacements were simulated for each receiver using the program FitSASW. 

The FitSASW software models an active source at the ground surface generating waves 

composed of spherically spreading body waves and cylindrically spreading Rayleigh 

waves. These simulated data include near-field contributions. The FitSASW program was 

developed at the University of Texas, and has been used extensively to model surface 

wave propagation (Foinguinos, 1995; Sanchez-Salinero, 1987; Joh, 1996). FitSASW uses 
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the discrete stiffness matrix analysis approach as described in Kausel and Roesset (1981) 

and Kausel (1981). The dynamic stiffness approach relates displacements ( ) and forces 

(  as: 

 

																																																													 				                                 (3.2) 

 

where  is the dynamic stiffness matrix for a 1-D layered profile with an underlying 

halfspace. 

 

    In the continuous formulation the in-plane radial and vertical displacements  and 

 at the ground surface can be calculated as: 

 

																															 	J J                              (3.3) 

                                                             

																															 	J J                                (3.4) 

 

where J  and J  are the zero and first order Bessel function,  is the wave number,  

is the radial distance from the source to the receiver location, R is the radius of the source, 

and q is the magnitude of the uniformly distributed surface load. The displacements  

and  are functions of wave number, . 
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    The solution requires assembling the stiffness matrix, , of the layered medium, 

solving the system of equations (3.2) for many different different wave numbers, , and 

numerically evaluating the integrals of Equations (3.3) and (3.4) (Foinguinos, 1995). The 

continuous formulation is computationally expensive and not practical for a system with 

many layers. An alternative approach is to use the discrete formulation. In the discrete 

formulation, terms of the dynamic stiffness matrix (  are expanded in Taylor series 

keeping only up to second degree terms. This approach is equivalent to the assumption 

that the displacements have a linear variation with depth over each layer. Therefore, 

formulation of the solution requires a subdivision of layers into sufficiently thin layers to 

accurately reproduce the displacements. 

    This approach to modeling the displacements from a surface load has been used and 

verified under different conditions of receiver location and Poisson’s ratio for analytical 

studies of the Falling Weight Deflectometer (FWD) test in pavement applications 

(Foinguinos, 1995) and simulation of SASW measurements (Foinguinos, 1995; 

Sanchez-Salinero, 1987). Yoon and Rix (2009) used the same approach implemented in 

the program PUNCH (Kausel, 1981) to perform their numerical study of near-field 

effects. 



72 
 

    Input parameters to the FitSASW program include: discrete frequency values,  

profile, mass density of soil, Poisson’s ratio (or p-wave velocity), damping ratio, and 

receiver array configuration (receiver number, offset distance and receiver spacing). 

Output at each receiver location is presented as a linear spectra with amplitude and phase 

as a function of frequency. These linear spectra files are used in the f-k wavefield 

transformation analysis to develop a dispersion curve, as described in Section 3.5.  

 

3.4.2 Plane Wave Model  

    To simulate ground displacements due to plane Rayleigh waves (no near-field 

effects), a Matlab program entitled mat_disperse developed at Georgia Tech was used 

(Lai, 1998). The plane Rayleigh wave dispersion curves contain no near field-effects and 

can be used as a reference to evaluate the degree of near-field effects when it is compared 

to Rayleigh wave velocities calculated using FitSASW. Mat_disperse is used to calculate 

the displacement at each receiver location for a layered, linear elastic half-space due to a 

harmonic unit source (Lai, 1998). This program calculates the Green’s function for plane 

Rayleigh waves from the superposition of multiple modes of plane Rayleigh waves and 

does not include contributions from body waves. Details of this approach are presented in 

Lai (1998) and Yoon (2005). 
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    The input parameters to mat_disperse include soil density, frequency, source to each 

receiver offset distance, thickness of each layer, p-wave and s-wave velocities of each 

layer. The output provides vertical displacement at each receiver location. 

 

 
3.5 Dispersion Calculation from Simulated Displacement Data 

    In this section, the procedure used to develop dispersion curves from the 

displacement data generated from FitSASW and mat_disperse is described. The f-k 

analysis can be separated into four steps as follows: (1) calculate cross power spectrum 

between every two-receiver pair and develop a matrix, termed spatiospectral correlation 

matrix; (2) perform the beamforming procedure (calculate steered response power 

spectrum); (3) determine peak wave-number at each frequency from the steered response 

power spectrum; and (4) calculate phase velocities at each frequency. These four steps are 

described in detail below. 

 

3.5.1 Spatiospectral Correlation Matrixes 

    To calculate the spatiospectral correlation matrix, the cross power spectrum between 

each receiver pair is calculated as: 

 

																																								 ,
∗                                 (3.5) 



74 
 

 

where ,  is the cross power spectrum calculated between receiver i and j,  is 

the linear spectrum at circular frequency  for the  receiver, and  is the linear 

spectrum of the  receiver. The (*) indicates complex conjugation. Therefore, the 

spatiospectral correlation matrix  can be defined as: 

 

																			
⋯

⋮ ⋱ ⋮
⋯

                       (3.6) 

 

where  is the spatiospectral correlation matrix. Figure 3.9 shows a graphical 

representation of the spatiospectral correlation matrix composed of cross power spectra 

between each 2-receiver pair. 

             

Figure 3.9 Graphical representation of a spatiospectral correlation matrix (Yoon, 

2005). 
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3.5.2 Frequency Domain Beamforming Method (FDBF) and steered response 
power spectrum 

    In this thesis, the frequency domain beamforming (FDBF) method is used to 

calculate Rayleigh wave phase velocities. The FBDF method was first proposed by 

Lacoss et al. (1969) and it is one of several frequency wavenumber (f-k) methods. 

Zywicki (1999) compared several spatial array processing methods and found that the 

FDBF method offers an easy and effective implementation.  

    The FBDF method is basically phase shifting and summing the response of the 

receivers for different trial wavenumbers, , to search for  of the propagation wave. A 

peak in the wavenumber-power plot indicates the wavenumbers of the propagation wave. 

Mathematically, the steered response power spectrum (Johnson and Dudgeon, 1993) can 

be calculated as: 

 

																					 , ,                   (3.7) 

 

where  is the Hermitian transpose, W is a diagonal matrix of the sensor weight, 

 is the spatiospectral correlation matrix discussed in Section 3.5.1, and  is the 

steering vector (phase shift vector). Here the steering vector, , can be denoted as: 

 

																						 exp ∙ 			exp ∙ 			 ∙∙∙ 				 exp ∙ 	           (3.8) 
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where  is the wavenumber vector,  is the position where the  receiver is 

located and  is the transpose vector. The array is steered with exponential phase shift 

vectors associated with different trial wavenumbers . The total power of the steered 

response power spectrum can be calculated by Eq. (3.7) for each frequency, .  

 

       

Figure 3.10 Example of a steered response power spectrum at a frequency of 10 Hz, 

(Yoon and Rix, 2009). 

    Figure 3.10 shows an example steered response power spectrum calculated from the 

FDBF method. The peak wavenumber  is the dominant mode of the steered 

response power spectrum. Once the wavenumber  is determined,  and the 

specific frequency, , together yield the Rayleigh wave phase velocity as: 
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																																										 ,                           (3.9) 

 

where  in Eq. (3.9) is the circular frequency. 

    The procedure is repeated over a range in frequencies to develop a dispersion curve 

relating velocity to frequency (or wavelength). Figure 3.11 shows a flow chart of the 

procedure used to develop simulated dispersion curves. Dispersion curves with near-field 

effects (from FitSASW) and dispersion curves without near-field effects from plane wave 

Rayleigh waves (mat_disperse) can be calculated with this procedure. Figure 3.12 shows 

an example of dispersion curves developed from FitSASW and mat_disperse for array 

7SR1RR-30 at Profile C. 
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Figure 3.11 Flow chart for developing dispersion curves from simulated  profile. 

 

 

     Calculate displacement for the layered medium 

 

           using Mat_Disperse and FitSASW 

   Calculate spatiospectral correlation matrix  

      Calculate steered response power spectrum  (k, ω) 

 Simulated  profiles and properties 

     Determine  at each frequency 

    Calculate phase velocity at each frequency 

          Dispersion curves 
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Figure 3.12 Example of simulated dispersion curves with and without near-field 

effects at Profile C for array 7SR1RR-30 using ѵ=0.3. 

 

 

3.6 Normalized Dispersion Parameters and Sample Calculations 
 

    Near-field effects are studied in this thesis by comparing a simulated dispersion 

curve with near field effects (from FitSASW) to a dispersion curve composed of plane 

Rayleigh waves (from mat_disperse) for each array. To quantitatively evaluate near field 

effects, the approach of Yoon and Rix (2009) was adopted. Two parameters are 

introduced in their study, one is the normalized array center (NAC) distance and the other 

is the normalized Rayleigh wave phase velocity. These two parameters are presented in 

Eqs. 3.10 and 3.11. 
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   Normalized Array Center =NAC=                              (3.10) 

 

   Normalized Rayleigh Wave Velocity=  
,

                     (3.11) 

 

In Eq. 3.10,  is the array center, calculated as the average distance from the source to 

each of the receivers (Eq. 3.1), λ  is the wavelength of the Rayleigh wave, 	is the 

“measured” Rayleigh wave phase velocity (with near-field effects) determined at a 

specific frequency, and ,  is the plane Rayleigh wave phase velocity (without near 

field effects) at the same frequency. Figure 3.13 shows an example normalized dispersion 

plot developed from the dispersion curve data for the array 7SR1RR-30 with ν=0.3 

shown in Figure 3.12. 

    To illustrate how the normalized dispersion plot is developed, sample calculations 

for one frequency value are presented. In this case the array center distance is 21.5m 

(Table 3.1). As shown in Figure 3.12, at a frequency of 	= 10.94 Hz, the V , = 

248.14 m/s and V = 242.78 m/s. The  is calculated as  V /  = 22.2 m.  

    Using Eq. (3.10) and (3.11) the NAC = 0.9686 and normalized Rayleigh wave 

velocity = 0.9784. This point is circled in Figure 3.13. The same calculation is repeated 

for each point in Figure 3.12 to develop the normalized plot. 
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    Near-field effects are indicated by a deviation in the ratio of these two simulated 

phase velocities from the expected value of 1 for no near-field effects. Deviations of 2% 

and 5% are indicated with dashed and dotted lines, respectively, in Figure 3.13. In the 

case shown the 2% limit is reached at NAC distance of 0.97 and the 5% limit is reached 

at NAC value of 0.78. 

 

      

 

Figure 3.13 Example plot of normalized Rayleigh wave velocity versus NAC. Dashed 

and dotted lines indicate changes of 2% and 5%, respectively, in normalized velocity. 
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                 Chapter 4 Results 

 
4.1 Overview 

In this chapter, results are presented from simulations of the five synthetic   

profiles showing the influence of: (1) different saturation conditions, (2)  profile 

gradient, (3) array length and (4) source-to-first receiver offset distance. For the case of 

ν=0.3, simulations were performed for all cases with source offsets of 5, 7, and 10 m, and 

with receiver numbers of 15 and 30. Likewise, the same simulations were performed 

under simulated saturated conditions (i.e. ν calculated by assuming =1600m/s). For the 

case of ν=0.4, arrays with 15 and 30 receivers were simulated using only a source offset 

of 7 m. Also, the results of simulations of a real field site in the Mississippi embayment 

are presented. 

 

4.2 Verification of Method Used 

 

Because this study used different software for generating near-field data than was 

used by Yoon and Rix (2009), a comparison was made for Profile A to verify that the 

results were consistent. Figure 4.1 (a) and (b) shows that the comparison between the 

normalized results for Profile A with ν=0.3, from Yoon and Rix (2009) and from this 

study. This comparison shows consistent results between this study and the results of 



83 
 

Yoon and Rix (2009). (Note that this research did not model cases of 1m and 3m source 

offsets.) 

  

             (a)                                (b) 

 

Figure 4.1 Normalized plot of results for a homogeneous half space (Profile A) with 

ν=0.3 and 15-receiver array from: (a) Yoon and Rix, 2009 and (b) this study. 
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4.3 Results from Profile A 

 

    The results from simulations of surface wave propagation for Profile A are presented 

in Figure 4.2 and in tabular form in Tables 4.1 and 4.2. The data were generated and 

processed using the procedures described in Chapter 3. Figure 4.2 presents the 

normalized Rayleigh wave velocity versus normalized array center (NAC) distance for 

different conditions of saturation, source offset, and number of receivers. Also, shown in 

Figure 4.2 are boundaries where normalized Rayleigh wave velocity deviates by 2% and 

5%. 

    Tables 4.1 and 4.2 present values of the NAC distance where the normalized 

Rayleigh wave velocity reaches the 2% and 5% boundaries. The detail simulated results 

of normalized dispersion plots and dispersion curves for Profile A, B, C, D, and E are 

presented in Appendix (A). 
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    (a) 15-receiver Array 

 

    (b) 30-receiver Array 

 

Figure 4.2 Normalized plots for saturated and unsaturated conditions at (a) Profile A 

with 15-receiver array and (b) Profile A with 30-receiver array. 
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Table 4.1 Comparison of NAC values for Profile A at 2% change in normalized Rayleigh 

wave velocity with ν=0.3 and saturated conditions. 

15-receivers Poisson's ratio=0.3 Saturated (Vp=1600m/s) 

Source Offset 5m  7m  10m  5m  7m  10m  

NAC 1.86 1.87 1.91 1.97 1.83 1.79 

30-receivers Poisson's ratio=0.3 Saturated (Vp=1600m/s) 

Source Offset 5m  7m  10m  5m  7m  10m  

NAC 1.85 1.85 1.8 2.05 2.17 1.97 

 

Table 4.2 Comparison of NAC values for Profile A at 5% change in normalized Rayleigh 

wave velocity with ν=0.3 and saturated conditions. 

15-receivers Poisson's ratio=0.3 Saturated (Vp=1600m/s) 

Source Offset 5m  7m  10m  5m  7m  10m  

NAC 0.85 0.81 0.75 1.56 1.68 1.69 

30-receivers Poisson's ratio=0.3 Saturated (Vp=1600m/s) 

Source Offset 5m  7m  10m  5m  7m  10m  

NAC 0.86 0.86 0.76 1.35 1.48 1.6 

 

 

    Figure 4.3 (a) and (b) shows the effect of ν on the normalized plots for ν=0.3, 0.4 

and fully saturated condition using arrays with 15 and 30 receivers, respectively. Tables 

4.3 and 4.4 summarize the NAC values at 2% and 5% change in normalized Rayleigh 

wave velocity for the ν=0.4 case. The significance of these results is discussed in detail in 

Chapter 5. 
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    (a) 15-receiver Array 

 

    (b) 30-receiver Array 

Figure 4.3 Normalized plot developed for ν=0.3, 0.4 and saturated conditions with 7 

m source offset for: (a) Profile A with 15-receiver array and (b) Profile A with 30-receiver 

array. 
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Table 4.3 Comparison of NAC values at 2% change in normalized Rayleigh wave 

velocity for Profile A with ν=0.4 and 7 m source offset. 

  

Number of Receiver NAC

15 1.96 

30 1.92 

 

Table 4.4 Comparison of NAC values at 5% change in normalized Rayleigh wave 

velocity for Profile A with ν=0.4 and 7 m source offset. 

 

Number of Receiver NAC

15 1.65 

30 1.4 
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4.4 Results from Profile B 

 

    The results from simulations of surface wave propagation for Profile B are presented 

in Figure 4.4 and in tabular form in Tables 4.5 and 4.6. The data were generated and 

processed using the procedures described in Chapter 3. Figure 4.4 presents the 

normalized Rayleigh wave velocity versus normalized array center (NAC) distance for 

different conditions of saturation, source offset, and number of receivers. Also, shown in 

Figure 4.4 are boundaries where normalized Rayleigh wave velocity deviates by 2% and 

5%. 

    Tables 4.5 and 4.6 present values of the NAC distance where the normalized 

Rayleigh wave velocity reaches the 2% and 5% boundaries. 
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     (a) 15-receiver Array 

 

     (b) 30-receiver Array 

 

Figure 4.4 Normalized plots for saturated and unsaturated conditions at (a) Profile B 

with 15-receiver array and (b) Profile B with 30-receiver array. 
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Table 4.5 Comparison of NAC values for Profile B at 2% change in normalized Rayleigh 

wave velocity with ν=0.3 and saturated conditions. 

15-receivers Poisson's ratio=0.3 Saturated (Vp=1600m/s) 

Source Offset 5m  7m  10m  5m  7m  10m  

NAC 0.96 0.99 1.13 0.3 1.36 1.53 

30-receiver Poisson's ratio=0.3 Saturated (Vp=1600m/s) 

Source Offset 5m  7m  10m  5m  7m  10m  

NAC 1.4 1.44 1.42 1.57 1.53 1.75 

 

 

Table 4.6 Comparison of NAC values for Profile B at 5% change in normalized Rayleigh 

wave velocity with ν=0.3 and saturated conditions. 

15-receivers Poisson's ratio=0.3 Saturated (Vp=1600m/s) 

Source Offset 5m  7m  10m  5m  7m  10m  

NAC 0.85 0.79 0.68 0.26 0.25 1.45 

30-receivers Poisson's ratio=0.3 Saturated (Vp=1600m/s) 

Source Offset 5m  7m  10m  5m  7m  10m  

NAC 1.04 0.68 0.68 1.42 1.48 1.69 

 

 

    Figure 4.5 (a) and (b) shows the effect of ν on the normalized plots for ν=0.3, 0.4 

and fully saturated condition using arrays with 15 and 30 receivers, respectively. Tables 

4.7 and 4.8 summarize the NAC values at 2% and 5% change in normalized Rayleigh 

wave velocity for the ν=0.4 case. The significance of these results is discussed in detail in 

Chapter 5. 
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    (a) 15-receiver Array 

 

    (b) 30-receiver Array 

Figure 4.5 Normalized plot developed for ν=0.3, 0.4 and saturated conditions with 7 

m source offset for: (a) Profile B with 15-receiver array and (b) Profile B with 

30-receiver array. 
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Table 4.7 Comparison of NAC values at 2% change in normalized Rayleigh wave 

velocity for Profile B with ν=0.4 and 7 m source offset. 

 

Number of Receiver NAC

15 0.85 

30 1.59 

 

Table 4.8 Comparison of NAC values at 5% change in normalized Rayleigh wave 

velocity for Profile B with ν=0.4 and 7 m source offset. 

 

Number of Receiver NAC

15 0.37 

30 1.4 
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4.5 Results from Profile C 

 

    The results from simulations of surface wave propagation for Profile C are presented 

in Figure 4.6 and in tabular form in Tables 4.9 and 4.10. The data were generated and 

processed using the procedures described in Chapter 3. Figure 4.6 presents the 

normalized Rayleigh wave velocity versus normalized array center (NAC) distance for 

different conditions of saturation, source offset, and number of receivers. Also, shown in 

Figure 4.6 are boundaries where normalized Rayleigh wave velocity deviates by 2% and 

5%. 

    Tables 4.9 and 4.10 present values of the NAC distance where the normalized 

Rayleigh wave velocity reaches the 2% and 5% boundaries. 
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    (a) 15-receiver Array                                       

 

    (b) 30-receiver Array 

 

Figure 4.6 Normalized plots for saturated and unsaturated conditions at (a) Profile C 

with 15-receiver array and (b) Profile C with 30-receiver array. 
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Table 4.9 Comparison of NAC values for Profile C at 2% change in normalized Rayleigh 

wave velocity with ν=0.3 and saturated conditions. 

15-receivers Poisson's ratio=0.3 Saturated (Vp=1600m/s) 

Source Offset 5m  7m  10m  5m  7m  10m  

NAC 0.93 0.94 0.91 0.68 0.5 0.49 

30-receiver Poisson's ratio=0.3 Saturated (Vp=1600m/s) 

Source Offset 5m  7m  10m  5m  7m  10m  

NAC 1.16 0.97 0.88 1.35 1.4 1.4 

 

 

Table 4.10 Comparison of NAC values for Profile C at 5% change in normalized 

Rayleigh wave velocity with ν=0.3 and saturated conditions. 

15-receivers Poisson's ratio=0.3 Saturated (Vp=1600m/s) 

Source Offset 5m  7m  10m  5m  7m  10m  

NAC 0.82 0.75 0.76 0.44 0.41 0.44 

30-receiver Poisson's ratio=0.3 Saturated (Vp=1600m/s) 

Source Offset 5m  7m  10m  5m  7m  10m  

NAC 0.79 0.78 0.78 0.44 0.3 0.23 

 

 

    Figure 4.7 (a) and (b) shows the effect of ν on the normalized plots for ν=0.3, 0.4 

and fully saturated condition using arrays with 15 and 30 receivers, respectively. Tables 

4.11 and 4.12 summarize the NAC values at 2% and 5% change in normalized Rayleigh 

wave velocity for the ν=0.4 case. The significance of these results is discussed in detail in 

Chapter 5. 
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    (a) 15-receiver Array 

 

    (b) 30-receiver Array 

Figure 4.7 Normalized plot developed for ν=0.3, 0.4 and saturated conditions with 7 

m source offset for: (a) Profile C with 15-receiver array and (b) Profile C with 

30-receiver array. 
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Table 4.11 Comparison of NAC values at 2% change in normalized Rayleigh wave 

velocity for Profile C with ν=0.4 and 7 m source offset. 

 

Number of Receiver NAC

15 0.8 

30 1.24 

 

Table 4.12 Comparison of NAC values at 5% change in normalized Rayleigh wave 

velocity for Profile C with ν=0.4 and 7 m source offset. 

 

Number of Receiver NAC

15 0.62 

30 0.61 
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4.6 Results from Profile D 
 

    The results from simulations of surface wave propagation for Profile D are presented 

in Figure 4.8 and in tabular form in Tables 4.13 and 4.14. The data were generated and 

processed using the procedures described in Chapter 3. Figure 4.8 presents the 

normalized Rayleigh wave velocity versus normalized array center (NAC) distance for 

different conditions of saturation, source offset, and number of receivers. Also, shown in 

Figure 4.8 are boundaries where normalized Rayleigh wave velocity deviates by 2% and 

5%. 

    Tables 4.13 and 4.14 present values of the NAC distance where the normalized 

Rayleigh wave velocity reaches the 2% and 5% boundaries. 
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    (a) 15-receiver Array 

 

    (b) 30-receiver Array 

      

Figure 4.8 Normalized plots for saturated and unsaturated conditions at (a) Profile D 

with 15-receiver array and (b) Profile D with 30-receiver array. 
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Table 4.13 Comparison of NAC values for Profile D at 2% change in normalized 

Rayleigh wave velocity with ν=0.3 and saturated conditions. 

15-receivers Poisson's ratio=0.3 Saturated (Vp=1600m/s) 

Source Offset 5m  7 m  10m  5m  7m  10m  

NAC 0.97 1.06 1.13 1.17 1.35 1.59 

30-receiver Poisson's ratio=0.3 Saturated (Vp=1600m/s) 

Source Offset 5m  7m  10m  5m  7m  10m  

NAC 1.44 1.43 1.52 1.56 1.66 1.79 

 

 

Table 4.14 Comparison of NAC values for Profile D at 5% change in normalized 

Rayleigh wave velocity with ν=0.3 and saturated conditions. 

15-receivers Poisson's ratio=0.3 Saturated (Vp=1600m/s) 

Source Offset 5m  7m  10m  5m  7m  10m  

NAC 0.85 0.85 0.84 0.29 0.24 1.43 

30-receiver Poisson's ratio=0.3 Saturated (Vp=1600m/s) 

Source Offset 5m  7m  10m  5m  7m  10m  

NAC 1.12 0.97 1 1.43 1.53 1.65 

 

 

    Figure 4.9 (a) and (b) shows the effect of ν on the normalized plots for ν=0.3, 0.4 

and fully saturated condition using arrays with 15 and 30 receivers, respectively. Tables 

4.15 and 4.16 summarize the NAC values at 2% and 5% change in normalized Rayleigh 

wave velocity for the ν=0.4 case. The significance of these results is discussed in detail in 

Chapter 5. 

 

 

 



102 
 

 

     (a) 15-receiver Array 

 

     (b) 30-receiver Array 

Figure 4.9 Normalized plot developed for ν=0.3, 0.4 and saturated conditions with 7 

m source offset for: (a) Profile D with 15-receiver array and (b) Profile D with 

30-receiver array. 
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Table 4.15 Comparison of NAC values at 2% change in normalized Rayleigh wave 

velocity for Profile D with ν=0.4 and 7 m source offset. 

 

Number of Receiver NAC

15 1.04 

30 1.6 

 

Table 4.16 Comparison of NAC values at 5% change in normalized Rayleigh wave 

velocity for Profile D with ν=0.4 and 7 m source offset. 

 

Number of Receiver NAC

15 0.4 

30 1.41 
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4.7 Results from Profile E 
 

    The results from simulations of surface wave propagation for Profile E are presented 

in Figure 4.10 and in tabular form in Tables 4.17 and 4.18. The data were generated and 

processed using the procedures described in Chapter 3. Figure 4.10 presents the 

normalized Rayleigh wave velocity versus normalized array center (NAC) distance for 

different conditions of saturation, source offset, and number of receivers. Also, shown in 

Figure 4.10 are boundaries where normalized Rayleigh wave velocity deviates by 2% and 

5%. 

    Tables 4.17 and 4.18 present values of the NAC distance where the normalized 

Rayleigh wave velocity reaches the 2% and 5% boundaries. 
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    (a) 15-receiver Array 

 

    (b) 30-receiver Array 

     

Figure 4.10 Normalized plots for saturated and unsaturated conditions at (a) Profile E 

with 15-receiver array and (b) Profile E with 30-receiver array. 
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Table 4.17 Comparison of NAC values for Profile E at 2% change in normalized 

Rayleigh wave velocity with ν=0.3 and saturated conditions. 

15-receivers Poisson's ratio=0.3 Saturated (Vp=1600m/s) 

Source Offset 5m  7 m  10m  5m  7m  10m  

NAC 0.79 0.74 0.8 0.63 0.52 0.5 

30-receivers Poisson's ratio=0.3 Saturated (Vp=1600m/s) 

Source Offset 5m  7m  10m  5m  7m  10m  

NAC 1.07 0.82 0.81 0.65 0.56 0.56 

 

 

Table 4.18 Comparison of NAC values for Profile E at 5% change in normalized 

Rayleigh wave velocity with ν=0.3 and saturated conditions. 

15-receivers Poisson's ratio=0.3 Saturated (Vp=1600m/s) 

Source Offset 5m  7 m  10m  5m  7m  10m  

NAC 0.66 0.68 0.65 0.46 0.38 0.4 

30-receivers Poisson's ratio=0.3 Saturated (Vp=1600m/s) 

Source Offset 5m  7m  10m  5m  7m  10m  

NAC 0.66 0.72 0.63 0.46 0.43 0.42 

 

 

    Figure 4.11 (a) and (b) shows the effect of ν on the normalized plots for ν=0.3, 0.4 

and fully saturated condition using arrays with 15 and 30 receivers, respectively. Tables 

4.19 and 4.20 summarize the NAC values at 2% and 5% change in normalized Rayleigh 

wave velocity for the ν=0.4 case. The significance of these results is discussed in detail in 

Chapter 5. 
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    (a) 15-receiver Array 

 

    (b) 30-receiver Array 

Figure 4.11 Normalized plot developed for ν=0.3, 0.4 and saturated conditions with 7 

m source offset for: (a) Profile E with 15-receiver array and (b) Profile E with 30-receiver 

array. 
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Table 4.19 Comparison of NAC values at 2% change in normalized Rayleigh wave 

velocity for Profile E with ν=0.4 and 7 m source offset. 

 

Number of Receiver NAC

15 0.65 

30 0.69 

 

Table 4.20 Comparison of NAC values at 5% change in normalized Rayleigh wave 

velocity for Profile E with ν=0.4 and 7 m source offset. 

 

Number of Receiver NAC

15 0.53 

30 0.54 
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4.8 Results from Simulation of Field Site in the Mississippi Embayment 
 

    The results from simulation of a  profile in the Mississippi embayment using 

array configurations that were used in the field are presented in Figures 4.12, 4.13, and 

4.14 and Table 4.2.1. Comparisons to actual field measurements will be presented in 

Chapter 5. 

    Figures 4.12 and 4.13 show the simulated dispersion curves developed for the 

profiles shown in Figure 3.3 and Table 3.12 for the short and long array, respectively. The 

under-prediction of phase velocity at long wavelengths is apparent in both cases.  

    Figure 4.14 shows normalized dispersion plots developed using the data shown in 

Figures 4.12 and 4.13. The NAC boundaries are presented in tabular form in Table 4.21. 
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Figure 4.12 Dispersion curve (wavelength) of Array 1 (5.5SR1.83RR-12, Saturated) 

 

 

 

 

Figure 4.13 Dispersion curve (wavelength) of Array 2 (40SR-8RR-16, Saturated) 
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Figure 4.14 Simulation results for representative  profile in Mississippi embayment 

(water table=3.5m depth). 

 

    Table 4.21 NAC values with 2% and 5% near-field effects of field simulation 

Array 2% boundary 5% boundary 

5.5SR1.83RR-12 0.78 0.66 

40SR8RR-16 1.91 0.52 
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          Chapter 5 Discussion and Analysis  

 

5.1 Introduction 

    In Chapter 4, simulation results for different site conditions and simulated soil 

profiles were presented. Four important factors that potentially influence near-field 

effects were explored, namely: saturation conditions,  gradient, array length, and 

source-to-first receiver offset distance. In this chapter, a more thorough analysis and 

discussion of these results are presented. 

 

5.2 Factors Influencing Near-field Effects  

    In this section, factors that may influence the required NAC distance to minimize 

near-field effects are discussed. In each case, near-field effects were quantified by 

identifying the lower end limit of NAC distance where: (1) normalized velocity was 

reduced by 2%, and (2) normalized velocity was reduced by 5%. 

 

 
5.2.1 Influence of Source-to-First-Receiver Offset Distance 
 

    Simulations were performed with source-to-first-receiver offsets of 5, 7, and 10 m. 

Figures 5.1 to 5.5 on the following pages show comparisons of the normalized dispersion 
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curves for Profiles A, B, C, D, and E, respectively.  

               

 

           (a) ν=0.3, 15 Receivers                 (b) ν=0.3, 30 Receivers            

                 

 

          (c) Saturated, 15 Receivers               (d) Saturated, 30 Receivers      

    

    

Figure 5.1 Plots showing effect of variable source-to-near receiver distance on 

normalized dispersion plots for Profile A. 
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          (a) ν=0.3, 15 Receivers                 (b) ν=0.3, 30 Receivers            

   

 

          (c) Saturated, 15 Receivers              (d) Saturated, 30 Receivers    

 

                          

Figure 5.2 Plots showing effect of variable source-to-near receiver distance on 

normalized dispersion plots for Profile B. 
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          (a) ν=0.3, 15 Receivers                  (b) ν=0.3, 30 Receivers                   

 

 

          (c) Saturated, 15 Receivers               (d) Saturated, 30 Receivers 

 

 

Figure 5.3 Plots showing effect of variable source-to-near receiver distance on 

normalized dispersion plots for Profile C. 
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          (a) ν=0.3, 15 Receivers                  (b) ν=0.3, 30 Receivers    

                          

 

          (c) Saturated, 15 Receivers               (d) Saturated, 30 Receivers 

 

 

Figure 5.4 Plots showing effect of variable source-to-near receiver distance on 

normalized dispersion plots for Profile D. 
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          (a) ν=0.3, 15 Receivers                  (b) ν=0.3, 30 Receivers                   

 

 

          (c) Saturated, 15 Receivers               (d) Saturated, 30 Receivers 

 

 

Figure 5.5 Plots showing effect of variable source-to-near receiver distance on 

normalized dispersion plots for Profile E. 

 

In general, the source-to-first receiver distance had a minimal effect on the 

normalized disperison plots. This is especially true for unsaturated conditions (ν=0.3), as 

can be observed in (a) and (b) of Figures 5.1 through 5.5. In these cases, for all profiles 

considered, the effect of changing the source-to-first-receiver distance was negligible. 
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This is consistent with Yoon and Rix (2009) assertion that plotting the data in terms of  

NAC distance is an effective and consistent way to represent near-field effects for 

different array configurations. 

For saturated conditions (c) and (d) in Figures 5.1 to 5.5, the effect of offset distance 

is slightly more pronounced. A slight difference can be observed in the normalized 

dispersion plots; however, the trend of the normalized dispersion curves as well as the 

NAC value where the onset of near-field effects is observed did not change significantly 

in most cases. 

    From the cases shown, the results indicate the the influence of source-to-first 

receiver offset distance has a minimal effect on both the trend of the normalized 

dispersion curves and the NAC values where near-field effects become significant (i.e. 

2% and 5% change in normalized velocity). 
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5.2.2 Influence of Array Length on Near-field Effects 
 

    The influence of receiver array length on near-field effects is discussed below for 

each of the profile conditions investigated. Figures and tables from Chapter 4 are 

presented again to aid in the discussion. 

 

5.2.2.1 Profile A 

For Profile A, the effect of using 15 and 30 receivers on the normalized dispersion 

plot was minimal for both the unsaturated and saturated conditions. As can be seen in 

Figure 5.6 and Tables 5.1 and 5.2, the trend of the normalized dispersion curves as well 

as the NAC distance where near-field effects were observed did not change significantly 

for either the saturated or unsaturated cases. 

 

           (a) Unsaturated Cases                  (b) Saturated Cases 

Figure 5.6 Normalized dispersion plot for Profile A using 15 and 30 receivers (with 1 

m receiver spacing). 
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Table 5.1 NAC values with 2% change in normalized velocity for 15 and 30-receiver 

arrays. 

Profile A Poisson's ratio=0.3 (NAC) Saturated (V p=1600m/s) (NAC) 

Number of 

Receivers 

5m Source 

Offset 

7m Source 

Offset 

10m Source 

Offset 

5m Source 

Offset 

7m Source 

Offset 

10m Source 

Offset 

15 1.86 1.87 1.91 1.97 1.83 1.79 

30 1.85 1.85 1.80 2.05 2.17 1.97 

 

Table 5.2 NAC values with 5% change in normalized velocity for 15 and 30-receiver 

arrays. 

Profile A Poisson's ratio=0.3 (NAC) Saturated (V p=1600m/s) (NAC) 

Number of 

Receivers 

5m Source 

Offset 

7m Source 

Offset 

10m Source 

Offset 

5m Source 

Offset 

7m Source 

Offset 

10m Source 

Offset 

15 0.85 0.81 0.75 1.56 1.68 1.69 

30 0.86 0.86 0.76 1.35 1.48 1.60 

 

 

5.2.2.2 Profile B 

For Profile B, changing the length of the array had some effect on the normalized 

dispersion plots, as can be seen in Figure 5.7 (a) and (b), for both saturated and 

unsaturated conditions. Generally, the shorter array produced lower near-field effects, as 

evidenced by a flatter response and lower NAC values for the unsaturated case, and a less 

undulated response for the saturated case. 

As can be seen in Tables 5.3 and 5.4, the 2% and 5% NAC values did not change 

substantially in most cases. The exceptions were for the saturated condition where the 

shorter array tended to stay within the 2% and 5% bounds to much lower NAC values for 
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some source offset distances. 

 

 

           (a) Unsaturated Cases                  (b) Saturated Cases 

Figure 5.7 Normalized dispersion plots for Profile B using 15 and 30 receivers (with 

1 m receiver spacing). 

 

Table 5.3 NAC values with 2% change in normalized velocity for 15 and 30-receiver 

arrays. 

Profile B Poisson's ratio=0. 3 (NAC) Saturated (V p=1600m/s) (NAC) 

Number of 

Receivers 

5m Source 

Offset 

7m Source 

Offset 

10m Source 

Offset 

5m Source 

Offset 

7m Source 

Offset 

10m Source 

Offset 

15 0.96 0.99 1.13 0.3 1.36 1.53 

30 1.40 1.44 1.42 1.57 1.53 1.75 

 

Table 5.4 NAC values with 5% change in normalized velocity for 15 and 30-receiver 

arrays. 

Profile B Poisson's ratio=0. 3 (NAC) Saturated (V p=1600m/s) (NAC) 

Number of 

Receivers 

5m Source 

Offset 

7m Source 

Offset 

10m Source 

Offset 

5m Source 

Offset 

7m Source 

Offset 

10m Source 

Offset 

15 0.85 0.79 0.68 0.26 0.25 1.45 

30 1.04 0.68 0.68 1.42 1.48 1.69 
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5.2.2.3 Profile C 

    For Profile C, the effect of array length was negligible for the unsaturated case, as 

can be seen in the limiting NAC values (2% and 5%) presented in Tables 5.5 and 5.6. As 

was the case for Profile B, the saturated condition showed a larger effect of array length, 

with the shorter array showing a less undulated normalized dispersion curves and 

generally lower associated limiting NAC values. 

 

 

           (a) Unsaturated Cases                  (b) Saturated Cases 

Figure 5.8 Normalized dispersion plots for Profile C using 15 and 30 receivers (with 

1 m receiver spacing). 

 

Table 5.5 NAC values with 2% change in normalized velocity for 15 and 30-receiver 

arrays. 

Profile C Poisson's ratio=0.3 (NAC) Saturated (V p=1600m/s) (NAC) 

Number of 

Receivers 

5m Source 

Offset 

7m Source 

Offset 

10m Source 

Offset 

5m Source 

Offset 

7m Source 

Offset 

10m Source 

Offset 

15 0.93 0.94 0.91 0.68 0.5 0.49 

30 1.16 0.97 0.88 1.35 1.4 1.4 
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Table 5.6 NAC values with 5% change in normalized velocity for 15 and 30-receiver 

arrays. 

Profile C Poisson's ratio=0.3 (NAC) Saturated (V p=1600m/s) (NAC) 

Number of 

Receivers 

5m Source 

Offset 

7m Source 

Offset 

10m Source 

Offset 

5m Source 

Offset 

7m Source 

Offset 

10m Source 

Offset 

15 0.82 0.75 0.76 0.44 0.41 0.44 

30 0.79 0.78 0.78 0.44 0.3 0.23 

 

 

5.2.2.4 Profile D 

    For Profile D, the change due to array length was very similar to what was observed 

for Profile B (the other non-linearly increasing  profile), as can be seen in comparing 

Figure 5.9 with Figure 5.7. The effect was greatest for the saturated profile, as shown by 

the limiting NAC values in Tables 5.7 and 5.8. 

 

 

           (a) Unsaturated Cases                  (b) Saturated Cases 

Figure 5.9 Normalized dispersion plots for Profile D using 15 and 30 receivers (with 

1 m receiver spacing). 
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Table 5.7 NAC values with 2% change in normalized velocity for 15 and 30-receiver 

arrays. 

Profile D Poisson's ratio=0.3 (NAC) Saturated (V p=1600m/s) (NAC) 

Number of 

Receivers 

5m Source 

Offset 

7m Source 

Offset 

10m Source 

Offset 

5m Source 

Offset 

7m Source 

Offset 

10m Source 

Offset 

15 0.97 1.06 1.13 1.17 1.35 1.59 

30 1.44 1.43 1.52 1.56 1.66 1.79 

 

Table 5.8 NAC values with 5% change in normalized velocity for 15 and 30-receiver 

arrays. 

Profile D Poisson's ratio=0.3 (NAC) Saturated (V p=1600m/s) (NAC) 

Number of 

Receivers 

5m Source 

Offset 

7m Source 

Offset 

10m Source 

Offset 

5m Source 

Offset 

7m Source 

Offset 

10m Source 

Offset 

15 0.85 0.85 0.84 0.29 0.24 1.43 

30 1.12 0.97 1.00 1.43 1.53 1.65 

 

   

5.2.2.5 Profile E 

    For Profile E, the effect of array length was negligible for all cases considered, as 

shown in Figure 5.10. As can be seen in Tables 5.9 and 5.10, the limiting NAC values for 

2% and 5% deviation did not change significantly (<10%) for most of the cases 

considered. From the normalized dispersion curves observations of Profiles A–E, the 

results show that array length only has a small influence on near-field effects. 
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         (a) Unsaturated Cases                  (b) Saturated Cases 

Figure 5.10 Normalized dispersion plots for Profile E using 15 and 30 receivers (with 

1 m receiver spacing). 

 

Table 5.9 NAC values with 2% change in normalized velocity for 15 and 30-receiver 

arrays. 

Profile E Poisson's ratio=0.3 (NAC) Saturated (V p=1600m/s) (NAC) 

Number of 

Receivers 

5m Source 

Offset 

7m Source 

Offset 

10m Source 

Offset 

5m Source 

Offset 

7m Source 

Offset 

10m Source 

Offset 

15 0.79 0.74 0.80 0.63 0.52 0.5 

30 1.07 0.82 0.81 0.65 0.56 0.56 

 

Table 5.10 NAC values with 5% change in normalized velocity for 15 and 30-receiver 

arrays. 

Profile E Poisson's ratio=0.3 (NAC) Saturated (V p=1600m/s) (NAC) 

Number of 

Receivers 

5m Source 

Offset 

7m Source 

Offset 

10m Source 

Offset 

5m Source 

Offset 

7m Source 

Offset 

10m Source 

Offset 

15 0.66 0.68 0.65 0.46 0.38 0.40 

30 0.66 0.72 0.63 0.46 0.43 0.42 
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5.2.3 Influence of  Profile Gradient on Near-field Effects 
 

    The effect of  profile gradient on near-field effects is discussed for unsaturated 

and saturated conditions below. 

 

5.2.3.1 Unsaturated condition (ν = 0.3) 

    In Figure 5.11, normalized dispersion plots are presented for the five  

profiles (A, B, C, D, and E) considered while keeping other factors (Poisson’s ratio, array 

length, and source offset distance) the same. To simplify presentation of the results, only 

the 7-m source offset case is presented. The limiting NAC values are presented in Tables 

5.11 and 5.12.  

These results show that for unsaturated soil conditions (ν=0.3) the  profile 

gradient has some influence on the limiting NAC values. For the limiting NAC value at 

2% deviation, the homogeneous case was the most restrictive, with an NAC value of 

approximately 1.9. Profiles B, C, and D all produced similar NAC values, while Profile E 

was slightly lower. These limiting values were in the range of about 0.9 to 2 for all cases, 

which is consistent with the range published by Yoon and Rix (2009). 
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                             (a) 15-receiver array 

 

                             (b) 30-receiver array 

 

Figure 5.11 Normalized dispersion plots presented for five simulated  profiles 

under unsaturated conditions (ν = 0.3).  
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Table 5.11 Comparison of limiting NAC values (2% deviation) for Profiles A–E 

15 RC Poisson's ratio=0.3 
30 

Array
Poisson's ratio=0.3 

Profile 
5m Source 

Offset 

7m Source 

Offset 

10m Source 

Offset 
Profile

5m Source 

Offset 

7m Source 

Offset 

10m Source 

Offset 

A 1.86 1.87 1.91 A 1.85 1.85 1.8 

B 0.96 0.99 1.13 B 1.4 1.44 1.42 

C 0.93 0.94 0.91 C 1.16 0.97 0.88 

D 0.97 1.06 1.13 D 1.44 1.43 1.52 

E 0.79 0.74 0.8 E 1.07 0.82 0.81 

 

 

Table 5.12 Comparison of limiting NAC values (5% deviation) for Profiles A–E 

15 RC Poisson's ratio=0.3 
30 

Array
Poisson's ratio=0.3 

Profile 
5m Source 

Offset 

7m Source 

Offset 

10m Source 

Offset 
Profile

5m Source 

Offset 

7m Source 

Offset 

10m Source 

Offset 

A 0.85 0.81 0.75 A 0.86 0.86 0.76 

B 0.85 0.79 0.68 B 1.04 0.68 0.68 

C 0.82 0.75 0.76 C 0.79 0.78 0.78 

D 0.85 0.85 0.84 D 1.12 0.97 1 

E 0.66 0.68 0.65 E 0.66 0.72 0.63 

(Note: RC=Receivers) 

 

5.2.3.2 Saturated Condition 

    The effect of  profile gradient on NAC for saturated conditiions was significantly 

different than the unsaturated cases. In Figure 5.12 (a) and (b), results are presented for 

the five  profiles (A, B, C, D, and E) while keeping other factors (saturated soil 

condition, array length, and source to first receiver offset distance) the same. Comparing 
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Figures 5.11 and 5.12, it is clear that changing the saturation condition dramatically 

affects both the shape of the normalized dispersion curves as well as the limiting values 

of NAC for 2% and 5% changes in normalized velocity. 

For saturated conditions, the results show a fairly smooth drop in the normalized 

velocity values for Profiles C, E (cases with a linear increase in  with depth), but 

dramatic fluctuations in normalized velocity for Profile A (homogeneous case) and 

Profiles B, D (case with non-linear increase in  with depth). For Profiles A, B and D, 

the normalized dispersion curves present an undulating shape that rises and falls above 

and below the 2% and 5% deviation values. The results demonstrate that  profile 

gradient has a large influence on near-field effects when a soft soil site is saturated (high 

Poisson’s ratio). 

Tables 5.13 and 5.14 present the limiting NAC values for the five different  soil 

profiles with 2% and 5 % deviation in normalized velocity. The results show that the   

profile gradient has great influence on NAC values when this site is saturated. For the 2% 

NAC values, the range goes from over 2 for Profile A to 0.5 for Profile E. The influence 

of saturation condition is discussed further in the following sections. 
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                             (a) 15-receiver array 

 

                             (b) 30-receiver array 

 

Figure 5.12 Normalized dispersion plots presented for five simulated  profiles 

under saturated conditions ( =1600 m/s). 
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Table 5.13 Comparison of limiting NAC values (2% deviation) for Profiles A–E 

15 RC Saturated (Vp=1600m/s) 
30 

Array
Saturated (Vp=1600m/s) 

Profile 
5m Source 

Offset 

7m Source 

Offset 

10m Source 

Offset 
Profile

5m Source 

Offset 

7m Source 

Offset 

10m Source 

Offset 

A 1.97 1.83 1.79 A 2.05 2.17 1.97 

B 0.3 1.36 1.53 B 1.57 1.53 1.75 

C 0.68 0.5 0.49 C 1.35 1.4 1.4 

D 1.17 1.35 1.59 D 1.56 1.66 1.79 

E 0.63 0.52 0.5 E 0.65 0.56 0.56 

 

Table 5.14 Comparison of limiting NAC values (5% deviation) for Profiles A–E 

15 RC Saturated (Vp=1600m/s) 
30 

Array
Saturated (Vp=1600m/s) 

Profile 
5m Source 

Offset 

7m Source 

Offset 

10m Source 

Offset 
Profile

5m Source 

Offset 

7m Source 

Offset 

10m Source 

Offset 

A 1.56 1.68 1.69 A 1.35 1.48 1.6 

B 0.26 0.25 1.45 B 1.42 1.48 1.69 

C 0.44 0.41 0.44 C 0.44 0.3 0.23 

D 0.29 0.24 1.43 D 1.43 1.53 1.65 

E 0.46 0.38 0.4 E 0.46 0.43 0.42 

(Note: RC=Receivers) 

 

5.2.3.3 Partially Saturated Condition with ν = 0.4 

    In Figure 5.13 (a) and (b), results are presented for different  profiles (A, B, C, D, 

and E) while keeping other factors (ν =0.4, array length, and source to first receiver offset 

distance) the same. The ν=0.4 conditions represents a soil that is not saturated, but is 

close to saturation. 
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                             (a) 15-receiver array 

 

                             (b) 30-receiver array 

 

Figure 5.13 Normalized dispersion plots presented for five simulated  profiles with 

ν=0.4.  
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Comparing Figures 5.13 with 5.12, similar trends in the normalized dispersion curves as 

were observed for the fully saturated case are evident. The linear profiles (C, E) show a 

smooth drop in normalized values, while Profiles A, B, and D show fluctuating 

normalized dispersion curves. The range of limiting NAC values of 2% and 5% (as 

shown in Tables 5.15 and 5.16), fell between the unsaturated (ν=0.3) and fully saturated 

cases. 

 

Table 5.15 Comparison of limiting NAC values (2% deviation) for Profiles A–E (ν=0.4) 

15 RC Poisson's ratio=0.4 30 Array Poisson's ratio=0.4 

Profile 7m Source Offset Profile 7m Source Offset 

A 1.96 A 1.92 

B 0.85 B 1.59 

C 0.8 C 1.24 

D 1.04 D 1.6 

E 0.65 E 0.69 

 

Table 5.16 Comparison of limiting NAC values (5% deviation) for Profiles A–E (ν=0.4) 

15 RC Poisson's ratio=0.4 30 Array Poisson's ratio=0.4 

Profile 7m Source Offset Profile 7m Source Offset 

A 1.65 A 1.4 

B 0.37 B 1.4 

C 0.62 C 0.61 

D 0.4 D 1.41 

E 0.53 E 0.54 

 

The results show that the  soil profile gradient has an influence on limiting NAC 

values when Poisson’s ratio is 0.4 (partially saturated case), with limiting NAC values 
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falling between the values for the fully saturated condition and the unsaturated condition.  

 

5.2.4 Influence of Saturation Conditions on Near-field Effects 
 

    In the previous section it was apparent that near-field effects were influenced by not 

only the  gradient but also the saturation condition. The strong influence saturation 

(high ν) has on near-field effects is shown below for each of the profiles considered. The 

profiles are grouped in the homogeneous (uniform) condition (Profile A), conditions with 

non-linear increase in  with depth (Profiles B, D) and cases with a linear increase in 

 with depth (Profiles C, E). 

 

5.2.4.1 Uniform Case (Profile A)  

    In Figure 5.14 (a) and (b), normalized plots of Rayleigh wave velocity are compared 

for saturated ( =1600m/s) and unsaturated (ν=0.3) conditions at Profile A (homogeneous 

half-space). The 15-receiver array case is shown in Figure 5.14(a) and 30-receiver array 

case is shown in Figure 5.14(b). For this profile condition the effect of saturation is 

dramatic. The unsaturated case (ν=0.3) shows a continuous and smooth drop in 

normalized velocity as NAC values become small. For the saturated condition, the results 

show a dramatic undulating shape which fluctuates greatly in the range of small NAC 
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values.  

 

 

           (a) 15-receiver Array                   (b) 30-receiver Array 

 

Figure 5.14 Normalized plots for saturated and unsaturated conditions with source 

offsets of 5, 7, and 10m for (a) Profile A-15 receiver array and (b) Profile A-30 receiver 

array. 

 

    Tables 5.17 and 5.18 compare the limiting NAC values with 2% and 5% deviation in 

the normalized velocity. For the 2% case there is little change in the NAC values while 

for the 5% case the limiting NAC values for the saturated case are nearly twice the values 

for the unsaturated case. 

Figure 5.15 shows an obvious change in the severity of near-field effects as the 

saturation conditions changes from ν=0.3 to ν=0.4 to fully saturated condition. Therefore, 

for the uniform profile condition, it appears that the effect of saturation was to worsen the 

near-field effects. 



136 
 

Table 5.17 Comparison of NAC values for Profile A at 2% change in normalized 

Rayleigh wave velocity with ν=0.3 and saturated conditions. 

15 RC Poisson's ratio=0.3 Saturated (Vp=1600m/s) 

Source Offset 5m  7m  10m  5m  7m  10m  

NAC 1.86 1.87 1.91 1.97 1.83 1.79 

30 RC Poisson's ratio=0.3 Saturated (Vp=1600m/s) 

Source Offset 5m  7m  10m  5m  7m  10m  

NAC 1.85 1.85 1.8 2.05 2.17 1.97 

 

Table 5.18 Comparison of NAC values for Profile A at 5% change in normalized 

Rayleigh wave velocity with ν=0.3 and saturated conditions. 

15 RC Poisson's ratio=0.3 Saturated (Vp=1600m/s) 

Source Offset 5m  7m  10m  5m  7m  10m  

NAC 0.85 0.81 0.75 1.56 1.68 1.69 

30 RC Poisson's ratio=0.3 Saturated (Vp=1600m/s) 

Source Offset 5m  7m  10m  5m  7m  10m  

NAC 0.86 0.86 0.76 1.35 1.48 1.6 

 

 
 

Figure 5.15 Plot of normalized dispersion curves for Profile A versus NAC for ν=0.3, 

ν=0.4 and fully saturated condition with source offset= 7m and 15-receiver array.  
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5.2.4.2 Non-linear increase in  with Depth (Profile B and D) 

In Figure 5.16 (a) – (d), normalized dispersion plots are presented for saturated and 

unsaturated conditions at Profiles B and D (non-linear increase in  with depth) for 15 

and 30–receiver arrays. As was observed for Profile A, for the unsaturated condition the 

results show a smooth and continuous drop in normalized velocity as the NAC value 

decreases. For saturated conditions, the results show an undulating shape that fluctuates 

in the range of small NAC values. The results of Profile B and D look very similar to the 

homogeneous profile case (Profile A). However, the 15-receiver arrays generally show 

less extreme fluctuation than the homogeneous case. In fact, for the 5 and 7 m offsets, the 

normalized dispersion curves fall within the ±5% boundary down to NAC values of about 

0.25. 

Tables 5.19 and 5.20 present comparison of the NAC values with 2% and 5% 

change in the normalized velocity. Although the limiting NAC values are quite variable, 

it is apparent from Figure 5.16 that near-field effects for these profiles are generally more 

severe under saturated conditions. 

    Figures 5.18 (a) and (b) show an obvious change in near-field effects as the 

saturation conditions changes from ν=0.3 to ν=0.4 to fully saturated case for Profile B 

and D. 
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         (a) 15 Receivers (Profile B)              (b) 30 Receivers (Profile B) 

 

 

        (c) 15 Receivers (Profile D)               (d) 30 Receivers (Profile D) 

Figure 5.16 Normalized dispersion plots for saturated and unsaturated conditions with 

source offsets of 5, 7, and 10m for: (a) Profile B:15-receiver array, (b) Profile 

B:30-receiver array, (c) Profile D:15-receiver array and (d) Profile B:30-receiver array. 
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Table 5.19 Comparison of NAC values for Profile B and D at 2% change in normalized 

Rayleigh wave velocity with ν=0.3 and saturated conditions. (RC=Receivers) 

15 RC Poisson's ratio=0.3 Saturated (Vp=1600m/s) 

Profile 
5m Source 

Offset 

7m Source 

Offset 

10m Source 

Offset 

5m Source 

Offset 

7m Source 

Offset 

10m Source 

Offset 

B 0.96 0.99 1.13 0.3 1.36 1.53 

D 0.97 1.06 1.13 1.17 1.35 1.59 

30 RC Poisson's ratio=0.3 Saturated (Vp=1600m/s) 

Profile 
5m Source 

Offset 

7m Source 

Offset 

10m Source 

Offset 

5m Source 

Offset 

7m Source 

Offset 

10m Source 

Offset 

B 1.4 1.44 1.42 1.57 1.53 1.75 

D 1.44 1.43 1.52 1.56 1.66 1.79 

 

 

Table 5.20 Comparison of NAC values for Profile B and D at 5% change in normalized 

Rayleigh wave velocity with ν=0.3 and saturated conditions. (RC=Receivers) 

15 RC Poisson's ratio=0.3 Saturated (Vp=1600m/s) 

Profile 
5m Source 

Offset 

7m Source 

Offset 

10m Source 

Offset 

5m Source 

Offset 

7m Source 

Offset 

10m Source 

Offset 

B 0.85 0.79 0.68 0.26 0.25 1.45 

D 0.85 0.85 0.84 0.29 0.24 1.43 

30 RC Poisson's ratio=0.3 Saturated (Vp=1600m/s) 

Profile 
5m Source 

Offset 

7m Source 

Offset 

10m Source 

Offset 

5m Source 

Offset 

7m Source 

Offset 

10m Source 

Offset 

B 1.04 0.68 0.68 1.42 1.48 1.69 

D 1.12 0.97 1 1.43 1.53 1.65 
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                         (a) 15-receiver array (Profile B) 

 

                         (b) 15-receiver array (Profile D) 

 

Figure5.17 Plot of normalized dispersion curves for Profile B and D for ν=0.3, ν=0.4 

and fully saturated conditions with source offset=7m and 15-receiver array. 
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5.2.4.3 Linear Increase in  with Depth (Profile C and E)  

In Figures 5.18 (a) – (d), normalized plots of Rayleigh wave velocity are presented 

for saturated ( =1600m/s) and unsaturated (ν=0.3) conditions at Profile C and E (cases 

with linear increase in  with depth) for 15 and 30-receiver arrays.  

 

 

   (a) 15 Receivers (Profile C)              (b) 30 Receivers (Profile C)  

        

 

         (c) 15 Receivers (Profile E)              (d) 30 Receivers (Profile E)   

 

Figure 5.18 Normalized dispersion plots for Profiles C and E under saturated and 

unsaturated conditions. 
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For the unsaturated conditions, the results show a smooth and continuous drop in 

normalized velocity at low NAC values. However, unlike the previous cases, for the 

saturated conditions the results also show a smooth and continuous drop in normalized 

velocity at low NAC values. The large fluctuations in normalized velocity have 

disappeared in these cases. Furthermore, the limiting NAC values for saturated conditions 

are generally lower than for unsaturated conditions. Tables 5.21 and 5.22 compare NAC 

values with 2% and 5% changes in the normalized velocity ratio. In most cases, the 

saturated condition yields a much lower limiting NAC value. For example, for the 5% 

limit, with saturated conditions the NAC values are in the range of 0.3 to 0.46 compared 

to 0.63 to 0.82 for unsaturated conditions. Therefore, unlike the other profiles considered, 

in these cases saturated conditions produced significantly less near-field influence than 

was observed for unsaturated conditions. 

    Figure 5.19 (a) and (b) show the change in near-field effects as the saturation 

conditions changes from ν=0.3 to ν=0.4 to fully saturated case for a 15-receiver array at 

Profile C and E. In this case, the limiting NAC values shift downward as ν increase.  

    The results from these simulation studies are summarized in the next section. 
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Table 5.21 Comparison of NAC values for Profile C and E at 2% change in normalized 

Rayleigh wave velocity with ν=0.3 and saturated conditions. (RC=Receivers) 

15 RC Poisson's ratio=0.3 Saturated (Vp=1600m/s) 

Profile 
5m Source 

Offset 

7m Source 

Offset 

10m Source 

Offset 

5m Source 

Offset 

7m Source 

Offset 

10m Source 

Offset 

C 0.93 0.94 0.91 0.68 0.5 0.49 

E 0.79 0.74 0.8 0.63 0.52 0.5 

30 RC Poisson's ratio=0.3 Saturated (Vp=1600m/s) 

Profile 
5m Source 

Offset 

7m Source 

Offset 

10m Source 

Offset 

5m Source 

Offset 

7m Source 

Offset 

10m Source 

Offset 

C 1.16 0.97 0.88 1.35 1.4 1.4 

E 1.07 0.82 0.81 0.65 0.56 0.56 

 

Table 5.22 Comparison of NAC values for Profile C and E at 2% change in normalized 

Rayleigh wave velocity with ν=0.3 and saturated conditions. (RC=Receivers) 

15 RC Poisson's ratio=0.3 Saturated (Vp=1600m/s) 

Profile 
5m Source 

Offset 

7m Source 

Offset 

10m Source 

Offset 

5m Source 

Offset 

7m Source 

Offset 

10m Source 

Offset 

C 0.82 0.75 0.76 0.44 0.41 0.44 

E 0.66 0.68 0.65 0.46 0.38 0.4 

30 RC Poisson's ratio=0.3 Saturated (Vp=1600m/s) 

Profile 
5m Source 

Offset 

7m Source 

Offset 

10m Source 

Offset 

5m Source 

Offset 

7m Source 

Offset 

10m Source 

Offset 

C 0.79 0.78 0.78 0.44 0.3 0.23 

E 0.66 0.72 0.63 0.46 0.43 0.42 
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                      (a) 15-receiver array (Profile C) 

 

                      (b) 15-receiver array (Profile E) 

 

Figure 5.19 Plot of normalized dispersion curves for Profile C and E for ν=0.3, 0.4 and 

fully saturated conditions with source offset=7m and 15-receiver array.   
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5.3 Summary of Simulation Results 
     

    From the observations presented in Sections 5.2.1 to 5.2.4, it appears that the major 

factors influencing near-field effects are (1)  profile gradient and (2) saturation (i.e. 

Poisson’s ratio). Figure 5.20 (a) and (b) present the limiting NAC values for each profile 

at NAC values with 2% reduction in normalized velocity, for 15-and 30-receiver arrays, 

respectively. For the unsaturated (ν=0.3) condition, it can be seen that profile gradient is 

the dominate factor influencing the limiting NAC value. For both 15 and 30-receiver 

arrays the NAC values were in the range of about 1 to 2, which is consistent with the 

finding of Yoon and Rix (2009).  

    Performing the same analysis assuming saturated conditions yielded very different 

results (Figure 5.20) that were clearly  profile-dependent. In some cases (A, B, D), 

saturation of the profile resulted in more severe near-field effects (i.e. NAC value was 

higher). However, for the profiles with a linear increase in velocity with depth (C, E), the 

effect was generally to lower the NAC values (i.e. a shorter distance between the source 

and center of array could be used). Profile E, for example, produced a 2% NAC value of 

about 0.5, which is much lower than any value reported by Yoon and Rix (2009). This 

low NAC value is consistent with what was observed by Rosenblad and Li (2011) in the 

Mississippi embayment, which is discussed in greater detail in the next section. 
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    When the 5% boundary is considered (as shown in Figure 5.21), the large 

differences between saturated and unsaturated cases are also clearly observed.  
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                            (a) 15-receiver array   

 

       
                            (b) 30-receiver array  

 

Figure 5.20 NAC values with 2% reduction in normalized velocity (15 and 

30-receivers arrays) for Profiles A, B, C, D, E under saturated and unsaturated (ν=0.3) 

conditions. 
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                            (a) 15-receiver array  

       
                            (a) 30-receiver array  

 

Figure 5.21 NAC values with 5% reduction in normalized velocity (15 and 

30-receivers arrays) for Profiles A, B, C, D, E under saturated and unsaturated (ν=0.3) 

conditions. 
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5.4 Comparison of Experimental and Simulated Results from the 
Mississippi Embayment 
 

    As noted at the beginning of this thesis, a primary motivation for this study was the 

desire to explain the low values of NAC distance to mitigate near-field effects that were 

observed in field measurements in the Mississippi embayment. Values of NAC distance 

of 0.5 or below were commonly observed in the field, whereas Yoon and Rix (2009) 

suggested limiting NAC distances of 1 to 2. 

    The results of the simulations of Profile A–E effectively demonstrated that 

saturation and  profile gradient are important factors influencing near-field effects. 

However, none of the simulated cases (A–E) and array layouts duplicated the conditions 

of the experimental study. Therefore, a simulation was performed using a representative 

 profile (Figure 5.22) from one of the eleven sites in the Mississippi embayment. The 

actual array layouts used in the field were also simulated as shown in Table 5.23. 

    Figure 5.23 shows the normalized dispersion plots developed from the short and 

long arrays from the simulated Mississippi embayment  profile with a shallow water 

table (3.5m depth) that was believed to exist in the field. The normalized dispersion curve 

shows that normalized velocity values generally stayed within the 5% boundary down to 

NAC values of about 0.5 to 0.6, which is consistent with what was observed in the field. 
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For comparison Figure 5.24 shows the normalized dispersion data from the field 

measurements performed at all eleven sites (Rosenblad and Li, 2011). Although, there is 

significant scatter in this plot, it is clear that the onset of near-field effects begains at 

NAC values of about 0.5. The simulated data is superimposed on the experimental data 

and agrees well with the general trend of the data. The six points that clearly don’t agree 

(circled in Figures 5.24) are from the short array at the one upland site where the water 

table was at least 13 m below the surface. The simulation was repeated using the same  

profile and simply moving the water table to a depth of about 13 m (i.e. unsaturated 

conditions in the top 13 m). The effect of increasing the depth of the water table caused 

the normalized dispersion curve to move to the right significantly such that it is consistent 

with the observed velocity values at the upland site (Figure 5.25). 

    Based on these simulations, it can be concluded that the low NAC values observed 

in the Mississippi embayment study were the result of a combination of the saturated 

conditions in the field and the specific  profiles in this area. For this case, the 

recommendation of Yoon and Rix (2009) to use NAC values of greater than 2 are clearly 

too conservative. 
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Table 5.23 Array set-up used in simulation of Mississippi embayment site. 

Profile Array 
Array 

center(m)

Number 

of 

receivers 

Maximum 

spatial 

lag(m) 

Profile from Mississippi 

Embayment 

5.5SR1.83RR-12 15.565 12 20.13 

40SR8rr-16 100 16 120 

 

     

 

          

Figure 5.22 A representative  profile from the Mississippi embayment used in the 

simulation study. 
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Figure 5.23 Simulation results for  profile from the Mississippi embayment (water 

table=3.5m depth). 

 

Figure 5.24 Comparison of normalized velocity plot from field measurements and 

simulation data. 

 

Upland site 
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Figure 5.25 Effect of increasing the water table depth on normalized dispersion plot 

for simulated Mississippi embayment site. 
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               Chapter 6 Conclusions 

 

6.1 Summary of Research 
 

    The primary objective of this research was to investigate parameters affecting 

near-field effects in multi-channel surface wave measurements. Parameters that were 

studied include: (1) array length, (2)  profile gradient, (3) source-to-first receiver 

offset and (4) site saturation (or ν). It was hypothesized that saturation conditions (and the 

associated high values of ν) are a major factor influencing near-field effects. 

     Numerical simulations of multi-channel surface wave propagation and 

measurements were performed on five synthetic cases of  profiles and a real  

profile from a field site in the Mississippi embayment. These  profiles were entered 

into computer programs to simulate surface wave propagation. The program FitSASW 

was used to simulate surface wave measurements that include near-field effect. To model 

the contribution of plane surface waves alone (with no near-field contributions), a 

publically available Matlab program (mat_disperse) was used. This program calculates 

the displacements at each receiver location due to the superposition of multiple modes of 

plane Rayleigh waves and does not include near-field contributions. 

    Normalized dispersion plots were developed using the approach of Yoon and Rix 
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(2009) and comparisons were made for different conditions of the parameters studied. 

 

6.2 Findings 
 

    The main findings from this work are summarized below: 

(1) Results from simulations of unsaturated soil sites (v=0.3) were consistent with the 

findings of Yoon and Rix (2009) showing NAC values of about 1 to 2 were 

needed to mitigate near-field effects. 

(2) The hypothesis that soil saturation (high values of Poisson’s ratio) has a major 

impact on near-field effects was demonstrated to be true, although the effect of 

saturation was shown to be complex and strongly site dependent. 

a. For sites with uniform  profiles or non-linearly increasing  values, 

the effect of saturation was generally to worsen near-field effects by 

producing a highly undulating normalized dispersion curve. 

b. For sites with a linear increase in  with depth the effect of saturation 

was to decrease the influence of near-field effects and produced limiting 

NAC values as low as 0.3 in some cases. 

(3) The simulations shown in this study demonstrated that the contradiction between 

the limiting NAC values recommended by Yoon and Rix (2009) and those 
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observed by Rosenblad and Li (2011) can be explained primarily by the different 

saturation conditions used in the two studies and the specific  profile in the 

Mississippi embayment. 

(4) Based on the highly variable results for common conditions encountered in 

geotechnical practice there is no single source offset distance that can be 

recommended for the most efficient and economical collection of data. 

(5) The results also confirmed that the number of receivers in the array and the 

source-to-first receiver offset distance were comparably minor factors (as 

compared to saturation and  gradient) when the data are presented in terms of a 

normalized dispersion curve. 

 

6.3 Significance of This Work 
 

    The results presented in this study have significance to both multi-channel surface 

wave data collection and data inversion. Based on the results of this study, it was shown 

that the required NAC distance to avoid near-field effects can vary from 2 to 0.3 

depending primarily on the site-specific  profile and saturation (i.e. Poisson’s ratio).  

Since the  profile is what is being measured it is not known a priori, and therefore 

it can not be known how far the source most be positioned from the array.  Therefore, 
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Yoon and Rix’s (2009) conservative recommendation of NAC=2 should still be used.  

However, this large source offset distance is very restrictive in that it requires more 

powerful sources of energy, and more space. It will also likely change the current practice 

of using a single source offset to collect all data over a broad frequency range.   

    The large source offset is required in order to justify use of a far-field plane wave 

dispersion model in the inversion step of the multi-channel SWM. Therefore, this work 

demonstrates the need to develop and implement multi-channel inversion methods that 

better model the full wavefield response such that near-field effects can be modeled and 

incorporated in the inversion procedures, much like current SASW inversion procedures 

(Joh, 1996). 

 

6.4 Future Research 
 

    Although this project only looked at 5  profile conditions, the broad range of 

limiting NAC values observed precludes the need to continue to study more complex  

profiles.  Instead the focus of future work should be on mitigating near-field effects 

through improved data processing and, as mentioned above, developing and 

implementing a fullwave multi-channel inversion method. 
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               Appendix (A) 

 

Normalized Dispersion Plots 

     And Dispersion Curves from Simulations 
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Figure A.1 Normalized dispersion plots developed for ν=0.3 and saturated conditions 

with 2% and 5% limiting NAC values and dispersion curves for Profile A with 15 

receivers. 
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Figure A.2 Normalized dispersion plots developed for ν=0.3 and saturated conditions 

with 2% and 5% limiting NAC values and dispersion curves for Profile A with 30 

receivers. 
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Figure A.3 Normalized dispersion plots developed for ν=0.3 and saturated conditions 

with 2% and 5% limiting NAC values for Profile B with 15 receivers. 
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Figure A.4 Dispersion curves for ν=0.3 and saturated conditions for Profile B with 15 

receivers. 
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Figure A.5 Normalized dispersion plots developed for ν=0.3 and saturated conditions 

with 2% and 5% limiting NAC values for Profile B with 30 receivers. 

 

 



164 
 

  

    

 

 

Figure A.6 Dispersion curves for ν=0.3 and saturated conditions for Profile B with 30 

receivers. 
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Figure A.7 Normalized dispersion plots developed for ν=0.3 and saturated conditions 

with 2% and 5% limiting NAC values for Profile C with 15 receivers. 
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Figure A.8 Dispersion curves for ν=0.3 and saturated conditions for Profile C with 15 

receivers. 
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Figure A.9 Normalized dispersion plots developed for ν=0.3 and saturated conditions 

with 2% and 5% limiting NAC values for Profile C with 30 receivers. 
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Figure A.10 Dispersion curves for ν=0.3 and saturated conditions for Profile C with 30 

receivers. 
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Figure A.11 Normalized dispersion plots developed for ν=0.3 and saturated conditions 

with 2% and 5% limiting NAC values for Profile D with 15 receivers. 
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Figure A.12 Dispersion curves for ν=0.3 and saturated conditions for Profile D with 15 

receivers. 
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Figure A.13 Normalized dispersion plots developed for ν=0.3 and saturated conditions 

conditions with 2% and 5% limiting NAC values for Profile D with 30 receivers. 
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Figure A.14 Dispersion curves for ν=0.3 and saturated conditions conditions for Profile 

D with 30 receivers. 

 

 



173 
 

 

 

Figure A.15 Normalized dispersion plots developed for ν=0.3 and saturated conditions 

conditions with 2% and 5% limiting NAC values for Profile E with 15 receivers. 
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Figure A.16 Dispersion curves for ν=0.3 and saturated conditions for Profile E with 15 

receivers. 
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Figure A.17 Normalized dispersion plots developed for ν=0.3 and saturated conditions 

with 2% and 5% limiting NAC values for Profile E with 30 receivers. 
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Figure A.18 Dispersion curves for ν=0.3 and saturated conditions for Profile E with 30 

receivers. 
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Figure A.19 Normalized dispersion plots developed for ν=0.4 condition with 2% and 

5% limiting NAC values for Profile A, B, C, D, and E with 15 receivers. 
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Figure A.20 Dispersion curves for ν=0.4 condition for Profile A, B, C, D, and E with 

15 receivers. 

 

 

 



179 
 

 

 

Figure A.21 Normalized dispersion plots developed for ν=0.4 condition with 2% and 

5% limiting NAC values for Profile A, B, C, D, and E with 30 receivers. 
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Figure A.22 Dispersion curves for ν=0.4 condition for Profile A, B, C, D, and E with 

30 receivers. 
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Figure A.23 Normalized dispersion plots with 2% and 5% limiting NAC values for 

simulated representative  profile in Mississippi embayment (water table=3,5m depth). 

 



182 
 

 

 

 

Figure A.24 Dispersion curves for simulated representative  profile in Mississippi 

embayment (water table=3,5m depth). 
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               Appendix (B) 

 

Soil Properties with Poisson’s Ratio (ν =0.4) for 

Simulated Profile A, B, C, D, and E 
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Table B.1 Profile Parameters for Profile A the Saturation Conditions (ν=0.4) 

Depth P-Wave Velocity S-Wave Velocity Density Poisson's Ratio Damping Ratio

(m) (m/s) (m/s) (g/cm3) ν d 

0-5m 489.9 200 1.8 0.4 0.02 

5-15m 489.9 200 1.8 0.4 0.02 

15-25m 489.9 200 1.8 0.4 0.02 

25-35m 489.9 200 1.8 0.4 0.02 

 

Table B.2 Profile Parameters for Profile B the Saturation Conditions (ν=0.4) 

Depth P-Wave Velocity S-Wave Velocity Density Poisson's Ratio Damping Ratio 

(m) (m/s) (m/s) (g/cm3) ν d 

0-5m 489.90 200 1.8 0.4 0.02 

5-15m 693.21 283 1.8 0.4 0.02 

15-25m 823.03 336 1.8 0.4 0.02 

25-35m 911.21 372 1.8 0.4 0.02 

 

Table B.3 Profile Parameters for Profile C the Saturation Conditions (ν=0.4) 

Depth P-Wave Velocity S-Wave Velocity Density Poisson's Ratio Damping Ratio 

(m) (m/s) (m/s) (g/cm3) ν d 

0-5m 489.90 200 1.8 0.4 0.02 

5-15m 734.85 300 1.8 0.4 0.02 

15-25m 979.80 400 1.8 0.4 0.02 

25-35m 1224.74 500 1.8 0.4 0.02 

 

Table B.4 Profile Parameters for Profile D the Saturation Conditions (ν=0.4) 

Depth P-Wave Velocity S-Wave Velocity Density Poisson's Ratio Damping Ratio 

(m) (m/s) (m/s) (g/cm3) ν d 

0-5m 935.71 382 1.8 0.4 0.02 

5-15m 1303.13 532 1.8 0.4 0.02 

15-25m 1548.08 632 1.8 0.4 0.02 

25-35m 1600 699 1.8 0.4 0.02 
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Table B.5 Profile Parameters for Profile E the Saturation Conditions (ν=0.4) 

Depth P-Wave Velocity S-Wave Velocity Density Poisson's Ratio Damping Ratio 

(m) (m/s) (m/s) (g/cm3) ν d 

0-5m 489.90 200 1.8 0.4 0.02 

5-15m 979.80 400 1.8 0.4 0.02 

15-25m 1469.69 600 1.8 0.4 0.02 

25-35m 1600 800 1.8 0.4 0.02 
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