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ABSTRACT 

The Multichannel Analysis of Surface Waves (MASW) method has been widely 

used to evaluate the subsurface in engineering applications since late 1990’s. In MASW, 

surface waves are introduced into the subsurface and recorded by sensors along the ground 

surface. The characteristics of the propagating surface wave are influenced by the 

subsurface stratification, the manner in which the surface waves are input into the ground, 

and the survey parameters to acquire data. Rayleigh waves are typically generated by 

vertical strikes on a metallic plate which serves as a coupler between the active input source 

(e.g., a sledgehammer) and the ground surface. It has been suggested that plastic-type base 

plates can improve the low-frequency energy of Rayleigh waves and therefore, can increase 

the depth of investigation among other potential improvements. However, very little 

studies exist in the literature that evaluate the role of base plate material, especially plastic 

materials. In addition to Rayleigh surface waves, seismic surface waves can also be 

generated with horizontal impacts (i.e., Love waves) using specialized base plates. In this 

regard, much less is available in the literature regarding Love waves as sources in MASW 

testing which means that optimum field survey parameters, the effects of near-field, and 

the role of seismic source have not been thoroughly investigated yet for Love waves. 

Given the aforementioned gaps in the literature, two aspects of MASW have been 

investigated. First, the role of base plate material, specifically plastic-type plates, has been 

studied. Field data collected from six sites along with the data from laboratory experiments 

and numerical simulations of hammer-plate impact were studied. The results showed that 

softer base plates improve the energy transfer by as much 20% and lead to minor 
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improvements, typically one-digit numbers in relative changes, in other signal 

characteristics such as signal bandwidth and signal-to-noise ratio. These results were 

corroborated with laboratory testing and numerical models of wave propagation with 

different base plate materials. The second goal was to improve understanding of Love wave 

propagation, particularly as related to resolution capabilities from survey parameters. 

Rayleigh and Love waveforms were collected with multiple active seismic sources at three 

sites and a systematic comparison was made between the two types of waves. Also, seismic 

wave propagation was simulated using the research community code SPECFEM2D to 

further investigate their differences. The results revealed critical new information about the 

depth of investigation, the effects of bedrock location on near-field effects, and the role of 

the different survey parameters on Rayleigh and Love wave data. The depth of 

investigation of Love wave MASW was deeper by about 2-9 m than that of Rayleigh 

MASW as a result of improved minimum frequency. The minimum source offset to avoid 

near-field effects was comparable for both Rayleigh and Love waves (0.3-0.4 of maximum 

wavelength). At closer source offset locations, Rayleigh waves were more affected by near-

field effects and showed an additional 10% underestimation of planar phase velocities. 

Overall, the results from both parts of this study provides new practical insights about some 

of the unexplored aspects of surface wave testing using MASW. 
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1 CHAPTER 1  

INTRODUCTION 

1.1      Problem Statement 

For more than a decade, the Multichannel Analysis of Surface Waves (MASW) 

method has been widely used to evaluate the subsurface in engineering and geological 

applications. In this method, surface waves are introduced into the subsurface and recorded 

by sensors placed along the surface. MASW is routinely used to characterize site 

subsurface stiffness by examining the frequency-dependent velocity behavior (i.e., 

dispersion) of the propagating surface waves. However, some aspects of optimal survey 

design have yet to be determined for acquiring data under different site conditions. Simply 

put, surface wave propagation represents an amalgamation of source input, survey 

parameters, and underlying subsurface conditions, and it is important to fundamentally 

understand the manner in which these factors influence one another.  

In a typical MASW test, a sub-category of surface waves called Rayleigh waves 

are generated using vertical impacts from a sledgehammer. Significant research has been 

undertaken since MASW’s inception to evaluate the role of survey parameters, input 

energy source, and testing procedures on MASW results (e.g., Park et al. 2002; Park et al. 

2008; Wood and Cox 2012). For example, the depth of investigation is influenced by the 

largest recovered wavelength from MASW data (Xia et al. 1999; Park et al. 2002). 

Therefore, several parameters can all influence the target depth, including the 

characteristics of the receivers, the type of source, and the receiver spacing.  
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It has long been known that the use of a coupler mechanism such as a base plate 

can improve the conversion of impact energy into seismic wave energy (Mereu et al. 1963). 

Conventionally, metallic bases are used in MASW surveys. The material of the base plate 

also affects the characteristics of the surface wave energy. Intuitively, rubber or plastic 

plate materials should increase the length of time over which impact energy is transferred 

to the underlying subsurface during MASW testing. It has been postulated that this leads 

to enhanced lower frequency (i.e., longer wavelength) response from surface waves 

introduced using vertical impacts on rubber/plastic base plates (Park 2013; Dawson et al. 

2015). This increase in low frequency characteristics of the surface waves would not 

drastically influence the operating cost of the survey, but it may improve the depth of 

investigation. However, very few published studies have directly focused on the influence 

of base plates on surface wave data.  

In addition to vertical impacts on the ground surface, surface waves can also be 

generated with horizontal impacts. Horizontal impacts generate another type of surface 

wave called Love waves. Much less is available in the literature regarding MASW testing 

with Love waves in comparison to Rayleigh waves. So, there are still a number of ways in 

which the fundamentals of Love wave propagation in MASW testing are not well 

understood. For example, it has been demonstrated that, depending on the site, MASLW 

(subscript L represents Love waves) results may be less ambiguous and of higher quality 

(e.g., Lane 2009; Xia et al. 2010). However, Love waves are properly generated at sites 

where a low-velocity layer is over a stiff half-space near the surface (Eslick et al. 2008). 

Very little systematic research has been performed that compares MASRW and MASLW 
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across different subsurface conditions. Moreover, optimal field parameters such as receiver 

interval and source offsets have not been developed for Love wave testing. Finally, a 

number of approaches exist to generate the horizontally-polarized surface wave energy 

necessary to develop Love waves. Sledgehammer impacts can be used with a few different 

designs for base plates that couple to the ground surface (e.g., Haines 2007). Additionally, 

some accelerated weight drops (AWD) allow strikes at various angles from vertical. In a 

non-vertical strike, some of the input energy is converted into horizontally-polarized wave 

energy for Love wave formation. However, no systematic studies exist that directly 

compare the characteristics of Love wave formation across multiple different seismic 

sources, including the different base plate designs and the different settings on AWD 

sources.  

1.2      Scope of Research 

Given the aforementioned gaps in the literature regarding MASW with both 

Rayleigh and Love waves, two specific objectives have been defined for this research. Both 

objectives focus on improving our fundamental understanding of surface wave propagation 

with respect to how energy is input into the ground. Additionally, the interplay between 

site conditions, survey parameters, and source characteristics have been presented.  

1.2.1 Effects of Base Plates 

The first research objective is to quantitatively evaluate the effects of using 

different base plates for MASW with Rayleigh waves. Raw waveforms from field studies 

were evaluated for spectral content, energy content, and signal-to-noise ratio (SNR). These 

results were corroborated with finite element numerical studies and reduced-scale 
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laboratory tests that mimic field testing. Based on the existing literature and prevailing 

theory regarding base plates, the following hypotheses were investigated in this study: 

1. Viscoelastic materials such as a PE plate or a combination of metallic and 

rubber sheets will increase the amount of introduced Rayleigh wave energy by 

not more than 20% compared to an aluminum plate as typically used in the 

current state of practice. 

2. The spectral amplitude of the generated Rayleigh wave signals with different 

plate configurations is anticipated to yield similar shapes with slightly larger 

amplitudes for viscoelastic material, but with no statistically significant shift in 

the dominant frequency. 

3. Using viscoelastic materials such as PE can slightly expand (about 5%) the 

range of the bandwidth in each direction. 

4. The effects of base plate material depend on surficial soil conditions, with a 

softer coupling layer leading to reduced base plate material effects. 

To test these hypotheses, raw waveforms from MASW testing with three 

configurations of base plates at six sites as compiled in Asabere (2016) were evaluated 

with respect to a number of critical aspects of wave behavior. Asabere (2016) primarily 

examined the minimum measurable frequency content observed in the MASW dispersion 

curves acquired with different impact plate configurations. The minimum observable 

frequency in an MASW dispersion curve is related to the maximum depth of investigation. 

Asabere (2016) found that rubber/plastic base plates do not always generate lower 

frequency content in the dispersion curves across all conditions, and therefore do not 
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necessarily increase the depth of investigation. In this study, this discrepancy was 

reconsidered by also exploring other key characteristics of the recorded surface waves, 

particularly those related to the raw waveforms themselves (as opposed to observations 

from the dispersion curves). Additionally, laboratory experiments and finite element 

numerical simulations using the commercial code ABAQUS and open-source wave 

propagation code SPECFEM2D were carried out to evaluate the role of different coupling 

mediums on the output signal from an impact. ABAQUS allowed for a detailed modeling 

of the mechanics involved in the collision between a sledgehammer source and the 

underlying base plate. SPECFEM2D focused more on simulating the subsequent seismic 

wave propagation in larger domains. By exploring these concepts, this study provided 

much needed quantitative information regarding the fundamental effects of base plate 

configuration on the waveforms recorded during MASW and improved the current state of 

practice. 

1.2.2 Comparison of Love Wave and Rayleigh Wave MASW Survey Parameters 

The second objective of this research study was to improve our understanding of 

Love wave propagation, particularly as related to the effects of source input and our 

capabilities to resolve Love waves based on survey parameters. Based on the existing 

literature and prevailing theory regarding Love wave and Rayleigh wave propagation, the 

following hypotheses were developed for field investigation in this study: 

1. The receiver interval for MASLW should also be increased by as much as 30% 

relative to MASRW to adequately record the longer wavelengths present for the 

Love waves, and to reach the same depth as Rayleigh waves. 
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2. The source offset for MASLW should be increased by as much as 10% relative 

to MASRW to ensure near field effects do not contaminate the recovered 

waveforms. 

3. The AWD source with a 45-degree angle of impact results in the highest Love 

wave energy generation, SNR, and peak power spectral density as well as the 

largest bandwidth and lowest central frequency. 

4. Horizontal aluminum base plate will outperform horizontal wooden sources for 

Love wave energy generation based on recorded peak amplitude and relative 

energy content. 

To verify these hypotheses, Rayleigh and Love wave MASW testing was 

performed at three sites with different subsurface conditions: (1) a site where bedrock is 

located at a very shallow depth (e.g., 1-5 m); (2) a site with relatively deeper bedrock (e.g., 

8-12 m); and (3) a site with a gradual increase in stiffness. Both MASRW and MASLW data 

were collected with different receiver intervals, multiple active sources and base plates, 

and at multiple offset locations. An AWD was used at different inclinations from vertical 

(15°, 30°, and 45°) to examine its capabilities in developing Love waves. In addition to 

MASRW and MASLW testing, downhole testing was carried out at boreholes at these sites 

and the results from this testing were used as “ground truth” information. Finally, in 

addition to field work, a series of finite element numerical models were developed in 

SPECFEM2D that represent the field conditions at the three test sites for this study. These 

numerical models were used to further explore survey parameters and near-field effects of 

Rayleigh and Love waves. 
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These efforts accomplished a number of items in relationship to the second research 

objective. For one, it made it possible to directly compare Rayleigh and Love waves in 

terms of their resulting dispersion images, depth of investigation, and power spectrum. 

Although the first two aspects have been briefly examined in the literature, the power 

spectrum of Rayleigh wave and Love waves have not been compared at the same site with 

identical data collection parameters. The field and research efforts related to Love wave 

testing also allowed a framework to develop guidelines for optimum field parameters of 

Love wave testing. Near field effects for Love waves (see section 2.2.5 for a definition), 

which are not thoroughly studied in the literature, were examined and incorporated into 

these efforts. Finally, the use of different seismic sources (particularly AWD with different 

impact inclinations) allowed a more fundamental understanding of how much Love wave 

energy is developed in typical practice. 

Based on these efforts, a systematic investigation was carried out on the role of 

impact inclination on Love wave development. Results from the proposed field and 

numerical research highlighted a few fundamental differences between Love and Rayleigh 

wave MASW testing in a comprehensive manner never seen before in the literature. This 

study allows for a better understanding of Love waves and improves the current state of 

practice with respect to their use in MASW testing. 
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2 CHAPTER 2  

BACKGROUND AND LITERATURE REVIEW 

2.1      Seismic Waves 

The propagation of seismic waves is directly related to the stiffness properties of 

the medium. Therefore, studying seismic wave propagation reveals critical information on 

the Earth’s composition and features. The use of seismic waves in engineering/geological 

applications at shallower depths (i.e., the “near-surface”) has been an object of interest for 

several decades. Although the depth of interest corresponding to the near surface can be as 

large as a few hundred meters (e.g., 300 m), the majority of engineering applications 

primarily focus on the shallowest 30 m of the subsurface (Butler, 2005). Seismic waves are 

classified into two categories: body waves, and surface waves. Body waves propagate 

inside a medium, whereas surface waves travel within one wavelength from the free 

boundary of a given medium (Achenbach 1984; Dal Moro 2015). Compressional waves 

(primary waves; P-waves) and shear waves (S-waves) are body waves, and Rayleigh, Love, 

Scholte, and Stoneley waves are examples of surface waves. When generated using the 

same seismic source, body waves and surface waves are different in terms of their velocity, 

amplitude, period, and attenuation properties. Body waves travel at higher speeds than 

surface waves, and the amplitude and period of surface waves are greater than those of 

body waves when produced with identical seismic sources (Novotny 1999). The 

attenuation of surface waves is lower than that of body waves because there is less 

geometric damping as the surface wave propagates along the surface of the medium (Li 

1995; Das and Ramana 2011). 
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For many years, P-waves were the primary focus of all seismic studies in the field 

of exploration and engineering seismology. Surface waves (also referred to as “ground 

roll”) were treated as noise in reflection or refraction profiling methods (e.g., Buhnemann 

and Holliger 1998; Miller et al. 1986, 1992, 1994). However, about two decades after 

seismic refraction was established as a practical method in the mid-1920s to 1930s (Green 

1974), researchers noticed that this “noise” is a useful source of information about the 

region extending from the ground surface to a depth of one maximum wavelength. This 

increased the number of studies where surface waves were used as a tool to characterize 

the subsurface (Socco et al. 2010). Various methodologies for acquiring, processing, and 

analyzing the surface waves were correspondingly developed, including the continuous 

surface wave (CSW) method (Van der Pol 1951; Jones 1955, 1958; Abbiss 1981), the 

spectral analysis of surface waves (SASW) method (Nazarian et al. 1983; Stokoe et al. 

1994), and the multichannel analysis of surface waves (MASW) method (Park et al. 1999; 

Xia et al. 1999). Rayleigh and Love waves (see sections 2.1.1 and 2.1.2) are the two types 

of surface waves typically utilized in these methods. 

The use of surface waves has become more popular due to a number of advantages 

over body waves. For example, surface wave methods can detect inverted stiffness profiles 

(i.e., stiff-over-soft materials). Moreover, only a small fraction of kinetic energy (about 

7%) converts into compressional wave energy during the vertical collision of a mass with 

the ground surface, and most of the total seismic energy (about 67%) is imparted into 

Rayleigh waves (Richart et al. 1970; Mereu et al. 1963). This results in the high-energy 

nature of surface waves (also valid for Love waves for horizontal strikes). The combination 
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of high energy and lower geometric attenuation means that data acquired using surface 

waves will have a higher SNR compared to refraction and reflection methods (Foti et al. 

2015). When specifically compared to P-waves, surface waves are less sensitive to fluid 

saturation, and can provide shorter wavelength components with better resolution (Dasois 

et al. 1999). For instance, VP is mainly controlled by pore fluid compressibility in saturated 

unconsolidated sediments. As a result, VP can rapidly approach velocities between 1400 

m/s – 1500 m/s in saturated soil and loses sensitivity to other geotechnical parameters of 

the soil. On the other hand, Vs is controlled by the soil skeleton and has a stronger 

correlation with geotechnical parameters (Foti et al. 2015).  

2.1.1      Rayleigh Waves 

Rayleigh waves were first formally described by Lord Rayleigh in 1885 (Rayleigh 

1885). They are formed by the constructive interaction of P-waves and vertically polarized 

shear wave (SV-wave) energy. Particle motion in Rayleigh waves proceeds as an elliptical 

path located in a vertical plane and consistent with the general direction of wave 

propagation as shown in Figure 2-1a. The amplitude of Rayleigh wave motion decreases 

exponentially with depth (Figure 2-1). Rayleigh wave propagation is a function of wave 

frequency, shear wave velocity (Vs), P-wave velocity (VP), thickness of the underlying soil 

layers, and soil density (Xia et al. 1999). In a linear, elastic, homogeneous, half-space, the 

ratio of velocity of Rayleigh wave to that of shear wave (i.e., VR/Vs) is a function of 

Poisson’s ratio. For Poisson’s ratio varying from 0 to 0.5 the ratio VR/Vs increases from 

0.86 to 0.96 (Richart et al. 1970). However, as a rule of thumb, this ratio is taken 0.9 for 

preliminary analysis (Dal Moro 2015).   
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2.1.2      Love Waves 

Augustus Edward Hough Love predicted the existence of Love waves in 1911 

(Love 1911). The major difference between Rayleigh waves and Love waves is that Love 

waves only contain horizontally polarized shear wave (SH-wave) energy. Thus, the particle 

motion in Love waves is parallel to the ground surface and perpendicular to the direction 

of wave propagation (Figure 2-2). Similar to Rayleigh waves, Love wave amplitude decays 

exponentially with depth (Figure 2-2). Love wave propagation is a function of frequency, 

shear wave velocity (VSH), thickness of layers, and density. Unlike Rayleigh waves, Love 

waves cannot be generated in a homogeneous half-space medium (Foti et al. 2015). In the 

simplest form, SH-wave energy is trapped in a low-velocity layer (Vs–low) over a stiff half-

space (Vs–high) to generate Love waves. In this case, the velocity of high frequency 

components of Love wave approach the shear wave velocity of low-velocity layer whereas 

low frequency components have velocities close to the shear wave velocity of high-velocity 

half space (Foti et al. 2015). Components between the high and low frequency extreme 

limits will have velocities that lie between the Vs of the two-layer profile. 

2.1.3  Dispersion of Surface Waves 

 Seismic energy is typically broadband and comprised of several wavelet 

components with different frequencies and amplitudes. Propagation of each component is 

influenced by the material properties from the ground surface to a depth proportional to the 

wavelength (λ) of that specific component (approximately 1/3-1/2 of λ). In a homogenous 

half-space, all the frequency components sample the same material, and all travel at the 

same velocity. The velocity of each component is the phase velocity for that frequency. 
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However, in a multi-layer medium, components with different frequencies travel at 

different phase velocities (Figure 2-3). This causes the original signal to undergo 

dispersion. The concept of dispersion can be illustrated further by borrowing the analogy 

presented by Dal Moro (2015). Dal Moro (2015) described a seismic wavelet as a formation 

of soldiers in an ancient Roman army. Each soldier in this formation represents a specific 

component (i.e., frequency). Now imagine two different situations. In the first one, all 

soldiers (components) would march as the same pace (velocity). Thus, the original packed 

formation will not change and therefore, no dispersion would occur (Figure 2-4a). 

However, assuming soldiers are free to run at their natural pace, we can imagine that the 

original formation would spread out and the original formation will undergo dispersion 

(Figure 2-4b).  

Another aspect of dispersion is the concept of multiple modes. Similar in concept 

to the vibration of a string, soil profiles can experience different modes of vibration. 

Solving a surface wave dispersion equation (Rayleigh or Love) yields different number of 

nodal planes that are points of no particle displacement. The most basic mode of particle 

displacement is called the fundamental mode and more complex ones are referred to as 

higher modes. Figure 2-5 is an example showing four modes of Rayleigh wave 

displacement for a layered medium. In the presence of higher modes, more than one phase 

velocity can be associated with a given frequency. In such cases, the slowest phase velocity 

is related to the fundamental mode and the rest are associated with higher modes. In a 

profile with gradually increasing shear wave velocities, the fundamental mode will 

typically dominate (Foti et al. 2015). However, higher modes can play major roles in two 
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scenarios: (1) a stiff top layer (e.g., pavement layer) underlain by layers of softer materials; 

and (2) the presence of an abrupt change in stiffness (e.g., shallow bedrock underneath a 

soft top layer) (Foti et al. 2015).  

2.2      Multichannel Analysis of Surface Waves (MASW) 

Multichannel Analysis of Surface Waves (MASW) has been widely utilized in 

many engineering/research applications since late 1990s when it was first developed by 

researchers at the Kansas Geological Survey (Park et al. 1999; Xia et al. 1999). Dispersion 

of surface waves is used in this method to characterize the subsurface profile. The primary 

outcome of a MASW survey is a vertical profile of Vs representing the subsurface stiffness 

at a site. It involves three major steps: seismic data collection, dispersion processing, and 

inversion. Vs profiles derived from this method have compared favorably to those from 

vertical downhole testing, and the difference is proven to be random and limited to 15% or 

less (Xia et al. 2002).  

Some of the typical MASW applications are: 

• Seismic site classification (e.g., Kanli et al. 2006; Anbazhagan and Sitharam 2010; 

Yilmaz et al. 2009) 

• Void detection (e.g., Xia et al. 2004; 2007) 

• Assessment of ground improvement (e.g., Burke and Schofield 2008; Waddell et 

al. 2010; Mahvelati et al. 2016) 

• Mapping bedrock/fault zone (e.g., Miller et al. 1999; Ivanov et al. 2006) 
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Although both Rayleigh and Love waves can be used in MASW, Rayleigh waves 

have received more attention. Using Love waves for MASW testing can have a number of 

advantages over Rayleigh waves. First, although Rayleigh wave inversion analyses 

converge more rapidly than those for Love waves, the Love wave inversion process is more 

stable and less complex (e.g., Safani et al. 2005; Xia 2014). Since Love waves are 

independent of P-wave velocity, fewer parameters are required during inversion. This latter 

point also reduces the non-uniqueness of the inversion process (non-uniqueness will be 

discussed later in this chapter). Moreover, Love wave dispersion images are less prone to 

mode misidentification (Xia et al. 2012). Also, higher SNR are expected from Love wave 

testing (Xia 2014). When only fundamental modes are considered, Rayleigh waves can 

penetrate deeper than Love waves with the same wavelength (Song et al. 1989), but at 

higher modes both Rayleigh and Love waves have demonstrated the same target depth (Yin 

et al. 2014). The aforementioned advantages make Love wave testing a promising 

alternative approach to be utilized when employing surface wave testing using MASW.   

2.2.1      Field Equipment 

MASW data collection requires at least three basic elements: receivers, a seismic 

source, and an acquisition system.  

2.2.1.1 Geophones  

Geophones are electrodynamic velocity transducers that convert ground vibration 

into a proportional electric signal. In their simplest form, geophones record either vertical 

or horizontal components of ground vibration. A schematic of a vertical component 

geophone is shown in Figure 2-6. Inside a geophone, a permanent magnet generates a 
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magnetic field in which a small coil is suspended by a spring. When the geophone is 

subjected to ground vibration, the relative movement of the coil produces a small voltage. 

Higher relative velocity results in higher voltage response.  

The eigenfrequency of a geophone represents the minimum frequency (i.e., longest 

λ) that can be “theoretically” detected by the geophone. However, in practice, some have 

suggested geophones are capable of recovering signals even at frequencies lower than their 

eigenfrequency (Dal Moro 2015; Foti et al. 2017). Geophones go through a 180-degree 

phase shift at their resonant frequency and phase distortions are likely to occur below the 

resonant frequency. Using a multi-receiver approach mitigates the errors caused by phase 

distortions, which slightly extends the usable frequency band. Typically, 4.5 Hz vertical 

component geophones are used for MASW surveys. Lower-frequency geophones such as 

1 Hz geophones are available commercially. However, they are larger, heavier, and more 

expensive than 4.5 Hz and higher frequency geophones.  

Geophones can have steel spikes at the end of the casing, be installed on base plates, 

or be fixed onto a land streamer (Figure 2-7). In all cases, poor coupling with the ground 

can lead to absence of low-frequency signals which can result in an inability to generate 

the fundamental mode dispersion curve. Land streamers increase the production rate for 

MASW surveys when field conditions allow suitable coupling. However, in the case of 

unfavorable ground conditions, spike-coupled geophones are preferred as they provide 

higher SNR (Carnevale and Hager 2006).   
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2.2.1.2 Seismic Source 

A seismic source inputs energy into the subsurface and thereby generates seismic 

waves. Examples of seismic sources typically used for active shallow surveys are 

sledgehammers, accelerated weight drops (AWD), shotguns, explosives, and 

electromagnetic shakers. The frequency range of the generated surface wave is highly 

dependent on the source. In addition to active seismic sources, ambient noise can serve as 

a seismic source when passive methods are considered. Examples of background noise are 

given in section 2.2.2.2 (Passive Methods). Vertical resolution of layer properties is 

controlled by the frequency content of the surface waves generated by a source 

(Yordkayhun et al. 2009). Therefore, it is desirable for a source to produce a broad enough 

bandwidth so that high resolution can be achieved (Sopher et al. 2014).  

Sledgehammers are the most common source used for MASW due to their cost-

effectiveness, portability, and ease of deployment. Surface waves are generated by impacts 

from a sledgehammer on a base plate. It has been previously noted that in the absence of a 

base plate a large portion of the input kinetic energy from the sledgehammer will 

permanently deform earthen materials, which can negatively impact energy transfer into 

the ground (Mereu et al. 1963). The role of a base plate is to reduce the energy loss during 

the impact and ensure mechanical stress waves are more effectively introduced into the 

subsurface. Given the importance of base plates, it is critical to study the potential effects 

of using various base plates on the input signal. Impact plates of different materials can 

potentially influence the frequency content of the input wave energy, which can 

consequently affect resolution and the maximum depth of investigation. Currently, no 
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comprehensive field studies have been published that focus on the influence of base plates 

on acquired surface wave data for active MASW surveys.   

Sledgehammers, depending on their weight, height of drop, and extension can 

provide different dominant frequency ranges. For instance, a 16-lb sledgehammer can 

generate components in frequency range of 10-100 Hz as opposed to a small 2-lb hammer 

capable of producing waves within frequency range of 30-200 Hz (Park and Carnevale 

2014). The general rule is the smaller the source, the higher the dominant frequency. Depth 

of investigation can be increase by using heavier sources capable of generating low-

frequency energy. However, use of heavier sources might be limited by the budget 

available for a project. Heavier sources such as AWDs are usually costly and they can 

decrease rate of production, depending on the design of the AWD. For example, the AWD 

used in this study necessitated about two hours of assembly time prior to deployment in 

the field. 

The generation of Love wave input energy requires using more sophisticated impact 

couplers than those used in Rayleigh wave data collection. This is partly the reason why 

MASLW testing is less employed than MASRW. In Love wave testing, the impact plate 

should be located perpendicular (or close to perpendicular) with respect to the ground 

surface. Good coupling must be provided between the coupler and the ground surface to 

ensure that the base plate does not undergo motion along the surface after each impact. 

This is typically accomplished by weighing down the base plate and/or by attaching spikes 

to the underside of the base plate. Examples of sources exclusively constructed for Love 
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wave survey can be found in the literature (Figure 2-8) (Hasbrouck 1983; Sambuelli et al. 

2001; Ellefsen et al. 2007; Haines 2007; Lane 2009). 

2.2.1.3 Data Acquisition System 

Signals produced by the geophones are sampled and digitized by a data acquisition 

system. MASW data acquisition systems can support different numbers of channels (even 

up to 240 channels). A 24- (or 48-) channel system plugged into a field laptop is the most 

common setting used by practitioners.  

2.2.1.4 Other Miscellaneous Items 

This sub-category may include: trigger switches for detecting the moment of 

sledgehammer impact and initiating data acquisition; tape measures and flags for 

positioning the survey line and shot locations; and personal safety equipment such as 

reflective vests, hard hats, and gloves. 

2.2.2      Data Collection 

Seismic data can be acquired using active and passive approaches. Passive sources 

typically generate waves with lower frequencies that active sources, so combining active 

and passive results offers greater depth of investigation without losing near-surface 

resolution (Rix et al. 2002; Yoon and Rix 2004).   

2.2.2.1      Active Methods 

In an active MASW survey, surface waves generated using a seismic source are 

collected by a series of geophones usually deployed as a linear array (Figure 2-9). As 

discussed earlier, seismic source characteristics greatly affect the input seismic signal. 
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Other parameters affecting the seismic signal produced by a specific source are near-field, 

surface, and subsurface conditions (Herbst et al. 1998; Yordkayhun et al. 2009). To 

increase SNR, multiple stacks (hammer blows) are recorded at each offset location. As a 

rule of thumb, increasing the number of stacks improves the SNR by a factor of √𝑁 where 

N is the number of impacts (Foti et al. 2015). The investigation depth of an array is typically 

about half of its spread, but a longer spread does not necessarily guarantee deeper target 

depth if the source is not generating enough low-frequency seismic energy. 

2.2.2.2      Passive Methods 

A typical active MASW survey with a sledgehammer produces little energy below 

10 Hz which limits the maximum depth of investigation. Passive methods, on the other 

hand, focus on much lower frequency surface waves. Passive measurements rely on 

seismic energy generated by background sources such as nearby traffic (Park and Miller 

2008; Obando et al. 2009; Behm and Snieder 2013), trains (Motazedian et al. 2012; Nolan 

et al. 2013), artificial blasting (Ha et al. 2013), and ocean waves (Carnevale and Park 2010). 

The aim of passive testing is to increase the depth of investigation by collecting low-

frequency components (larger λ). However, the increase in λ of the input waves necessities 

longer receiver arrays. Passive data collection can occur with one-dimensional (1D) linear 

arrays or with two-dimensional (2D) arrays such as circular, square, or cross-shaped 

layouts. The target frequency range of a passive MASW survey is approximately in the 

range of 2-20 Hz (Park and Carnevale 2014). Also, the recording time is increased to ensure 

that enough background noise is recorded. Finally, as the nature of the passive method 
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implies, it is poorly suited for locations that do not contain sufficient background seismic 

energy (Tokimatsu 1995). 

2.2.3      Generation of Dispersion (Overtone) Images 

As discussed earlier, different components of a wavelet travel at different velocities 

in non-uniform soil profiles leading to dispersion. A dispersion curve represents the phase 

velocity-frequency relationship for a particular soil profile and is extracted from a 

dispersion (overtone) image. Dispersion images are developed using different methods 

with different resolutions. Fundamentally, the process of generating a dispersion image 

involves a wavefield transformation applied to the multichannel recordings. Some of the 

commonly used multi-channel processing methods include: the frequency-wavenumber (f-

k) spectrum; the slowness-frequency (p-w) transformation (McMechan and Yedlin 1981); 

and the phase-shift method (Park et al. 1998). The quality of the dispersion image generated 

by the phase-shift method is superior to those obtained by the other methods (Park et al. 

1998). Therefore, this method was used throughout this current study to develop dispersion 

images.  

In the phase-shift method, the raw field data in the offset-time domain are first 

transformed to the offset-frequency domain using a Fourier transform. The new domain is 

a combined function of amplitude and phase spectra. The amplitude part of the offset-

frequency domain contains properties of attenuation, spherical divergence, and related 

information, whereas the phase spectra explain the wave dispersion. For each offset at a 

given phase velocity and frequency, the phase shift required to counterbalance the time 

delay associated with that specific offset is determined and applied. Next, at particular 
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frequency intervals (i.e., 1 Hz intervals), the transformed traces (offsets) are aggregated 

using an integral function. At each frequency, there would be a phase velocity providing a 

maximum value for the accumulated energy represented by the integral. This represents 

the phase velocity at that particular frequency. Extraction of a dispersion curve would 

proceed with selection of the frequency-phase velocity combinations that result in the 

maximum accumulated energy throughout the dispersion image. 

2.2.4      Inversion 

Inversion is the next step after the dispersion curve is picked from a dispersion 

image. The inversion process involves the development of a theoretical dispersion curve 

using forward modeling for an initial estimate of the subsurface Vs profile. Selection of the 

initial model is not a random process because it influences the final resulting Vs profile. 

Therefore, the picked dispersion curve is often considered when the initial model is 

generated. Typically, for initial model estimates Vs is taken as a percentage of the phase 

velocity (usually 110%) associated with the extracted fundamental mode dispersion curve 

and assigned to a depth of 1/3-1/2 of the λ (Stokoe et al. 1994). The synthetic dispersion 

curve is then compared to the extracted field dispersion curve and the model is iteratively 

modified until the misfit between the calculated and field dispersion curve is minimized. 

The majority of common inversion methods (e.g., methods by Forbriger 2003a,b; O’Neill 

2003; Bohlen et. al 2004) are based on linear algorithms. This means that only Vs of each 

layer is updated during inversion and the layer thickness, density, and Poisson ratio (only 

for Rayleigh waves) are kept as the original values assigned by user. The final one-

dimensional (1-D) Vs profile is assigned to the mid-point of the spread. 2-D and 3-D 
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profiles can be generated by shifting the entire array and assembling multiple 1-D profiles 

by repeating the dispersion curve selection and inversion process.  

2.2.5  Advantages and Limitation of MASW 

A key advantage of MASW relative to typical geotechnical investigations is its 

noninvasive nature. As a result, cost and time delays associated with drilling can be 

minimized. This makes MASW a time and cost-effective method. Additionally, compared 

to invasive testing methods in which an entire site is characterized by very few borehole 

locations, MASW can evaluate larger areas more effectively and provide a more thorough 

assessment of subsurface conditions. 

MASW has a number of advantages over other seismic geophysical methods such 

as shear wave refraction and reflection. First, MASW results can be easier to interpret than 

those from refraction and reflection methods since determination of first arrival (refraction) 

and reflected seismic energy (reflection) can be difficult and subjective (Foti et al. 2015). 

Second, refraction method is constrained by the assumption that velocities increase with 

depth. MASW on the other hand, can detect velocity reversals where a low stiffness layer 

underlies a stiffer layer, and the generation of dispersion images and inversion follows a 

relatively straightforward procedure.  

Despite the aforementioned advantages, there are some key issues with MASW. As 

discussed earlier, active MASW has a limited depth of investigation due to little low-

frequency energy. Near-field and far-field effects can also negatively affect the accuracy 

of results. Near-field effects refer to a required minimum distance from a seismic source 

for the surface waves to be fully developed. If the receivers are located too close to the 
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seismic source, the recorded waveforms do not represent fully formed surface waves, 

which can result in errors with the dispersion and inversion processes. The far-field effect 

is also another issue if the source is located too far from the receivers. In that case, the 

surface waves have undergone significant attenuation and are no longer the dominant 

components (instead P-waves are), which results in a reduction in the SNR. This can 

increase the amount of “noise” in the dispersion image, which makes it difficult to reliably 

extract a dispersion curve. 

The non-uniqueness of inversion is another concern with MASW. Non-uniqueness 

means that different Vs profiles can result in the same dispersion curve. Therefore, an 

inverted profile may not represent the true profile at a site if the inversion process 

converges to one of the alternate viable Vs profiles. The issue of non-uniqueness has 

attracted the attention of many in the literature and different approaches have been 

proposed to address this issue, including the use of multi-modal inversion techniques (e.g., 

Xia et al. 2000; Safani et al. 2006), joint inversion (e.g., Joh et al. 2006; Dal Moro and 

Ferigo 2011), and various inversion optimization techniques (Wathelet et al. 2004; Foti et 

al. 2009; Cox and Teague 2016). Joint inversion is one way to reduce the ambiguity and 

non-uniqueness of inversion. In joint inversion, two (or more) data sets are concurrently 

inverted to develop additional constraints. The purpose of joint inversion is to develop one 

objective function for optimization from the individual objective functions representing the 

various datasets. In this manner, joint inversion can reduce the number of acceptable 

models and can produce mutually consistent estimates of the unknown parameters because 

the results must explain all data simultaneously (Vozoff and Jupp 1975; Julia et al. 2000). 
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In a typical joint inversion approach, a direct functional relationship between the 

parameters can be developed to couple the datasets during the inversion optimization 

process (Heincke et al. 2006; Colombo and Stefano 2007). For instance, water saturation 

and porosity have been assumed to provide a link between resistivity and seismic velocity 

in porous media (e.g., Tillmann and Stocker 2000). This direct form of coupling ensures 

the inversion process is highly influenced by all the data, but at the costs of major 

distortions in the resulting model should the assumed relationship be violated or is 

otherwise inappropriate. 

Another issue affecting the processing and the inversion is lateral heterogeneity 

(Foti et al. 2015). Available inversion algorithms assume that all layers are homogenous in 

the lateral direction. However, many sites exhibit appreciable stiffness variability in the 

lateral direction both in-plane and out-of-plane with the receiver array. The assumption 

that the inverted profile continues consistently across the site may seriously under- or over-

estimate stiffness, which can lead to errors in interpreting subsurface condition for 

engineering purposes.      

Finally, performing MASW may be challenging due to the topography of the site. 

Generally, MASW results are more reliable when the slope of any topographical changes 

along the survey line is less than about 10º (Zeng et al. 2012). Results should be treated 

with caution for slopes greater than 10º. Also, topography can interfere with the generation 

of surface waves if the variation in ground surface elevation (Figure 2-10) is more than 

10% of the total receiver spread.       
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2.3      Previous Studies on Influence of Different Sources and Base Plates 

The majority of studies in the literature have primarily focused on comparing 

different mechanisms of seismic sources (e.g., explosion versus impact) and variations in 

total input energy. There are a few studies focusing on changing acquisition parameters for 

a specific source. This is also true for base plates where only a few researchers have 

explored the role of base plates in detail. The following sections provide an overview of 

the available literature as well as major findings on these topics. 

2.3.1 Studies Focused on Different Sources 

Different seismic sources provide various levels of excitation and seismic signal 

quality. Several studies explored the effects of seismic source on signal quality, frequency 

content, and penetration capabilities for seismic reflection and/or refraction surveys using 

P-waves. Generally, the results from such studies have consistently highlighted a few key 

aspects of seismic sources in near surface geophysical exploration (See Table 2-1 for a 

quick summary).  

 The First widely accepted observation is that larger sources tend to generate 

waveforms with lower frequency and lighter sources focus more on high-frequency energy 

(e.g., Keiswetter and Steeples 1995; Foti 2000; Kumar and Rakaraddi 2013; Kumar and 

Hazra 2014). Heavier sources also transfer higher energy and signal power into the 

subsurface. However, it has been reported that higher amplitude of recordable energy does 

not necessarily correlate to a higher SNR (Miller et al. 1986, 1992, 1994). 

Second, multiple sources are often capable of providing similar frequency content 

to resolve geological targets using seismic reflection and/or refraction (Yordkayhun et al. 



26 

 

2009; Atanackov and Gosar 2013; Sopher et al. 2014;). Some examples of sources that 

showed similar frequency content include: (1) a 45.5 kg AWD and a shotgun; (2) a 250 kg 

AWD, a MiniVib (vibrator), and a VIBSIST. It should be noted that while some researchers 

suggested using statistical analysis to evaluate any meaningful difference between the 

source characteristics (e.g., Herbst et al. 1998), examining the similarity between results in 

the majority of studies was carried out by visual inspection and engineering judgment.  

Third, near surface stratigraphy and conditions can strongly influence data quality 

and source selection (Wardell 1970; Atanackov and Gosar 2013; Miller et al. 1986, 1992, 

1994). Depending on the near-surface conditions, one seismic source might be preferable 

over other sources and therefore, the question of what source to be used must be answered 

on a site-specific basis. In addition to these common observations, findings associated with 

specific source types will be discussed herein.  

Drop weights were used as seismic sources in several studies. This category may 

include: different forms of AWD, sledgehammers, or any other form of custom drop mass. 

Starting with sledgehammers, they are found to be an effective source if used with a proper 

field setup. Using a 6 kg sledgehammer, the top 20 m of subsurface can be “seen” (Herbst 

et al. 1998). In a phase velocity-frequency domain, sledgehammers compare favorably to 

a vibroseis at frequencies greater than 20 Hz (Wood and Cox 2012), but at low-frequency 

ends, sledgehammers suffer from both greater uncertainty and reduced SNR when 

compared to vibroseis. In addition to their weight, the hammer extension plays a role in its 

outgoing signal. An increase in hammer extension leads to higher kinetic energy at the 

moment of impact (Keiswetter and Steeples 1994). The same trend holds with the mass of 
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the sledgehammer (or any other drop weight) where increasing the height/mass increases 

the energy and therefore, improves the depth of investigation (Foti 2000; Kumar and 

Rakaraddi 2013; Kumar and Hazra 2014). However, the size of these improvements was 

questioned when on one occasion, only a marginal increase of low-frequency (<10Hz) 

energy was reported with the use of a 20-lb hammer instead of a 10-lb hammer (Park et al. 

2002). In the same study, the use of a rubber band-aided-weight-drop (RAWD) increased 

the higher mode energy at high frequencies (>30 Hz) while it resulted in the least amount 

of low-frequency (<10 Hz) energy. Thus, authors concluded that an increase in the impact 

strength does not necessarily translate into greater energy at lower frequencies. There could 

be situations where the performance of drop weights is at their best; if the soil is dry and 

stiff, weight drop sources such as sledgehammers perform effectively and typically 

produce high-quality results (Miller et al. 1986, 1992, 1994). Drop weights in general and 

AWDs in particular are more favorable sources than shotguns for testing on gravel or paved 

surfaces (Atanackov and Gosar 2013). On the other hand, in the case of saturated near-

surface and fine-grained soil (generally soft soils), downhole sources are more likely to 

provide better results (Miller et al. 1986, 1992, 1994).  

The literature also points to the use of more unorthodox types of drop weights. In 

one, a custom seismic source (Figure 2-11) was developed to be used for shallow 

subsurface investigations (Yordkayhun and Suwan 2012). The developed source was built 

on a dual-handle hand truck and mimicked a small-scale AWD which highlights its 

portability. Results from this source were comparable to a 10 kg sledgehammer. In another 

study, a Bobcat machine dropping a hammer was used (Sopher et al. 2014; Figure 2-11). 



28 

 

The Bobcat source outperformed a Vibsist 500 and 3000 in terms of SNR, energy, and 

depth of investigation. 

Explosive charges such as dynamite often provide superior SNR and bandwidth 

comparing to non-explosive sources such as AWDs, buffalo guns, and typical vibrators 

(Staples et al. 1999; Bühnemann and Holliger 1998; Suarez and Stewart 2008a; Brom and 

Stan-Kłeczek 2015). It has been highlighted that explosive charges can produce 

frequencies below 6 Hz which implied large wavelength and improved depth of 

investigation (Staples et al. 1999; Suarez and Stewart 2008a). Despite their benefits, 

explosives have some challenging features. First, explosions can generate less consistent 

waveforms with multiple dominant frequencies (Brom and Stan-Kłeczek 2015). Second, 

explosive charges are not ideal sources at “close” offset locations, and should be used at 

“large” offsets from receiver array (Staples et al. 1999). Obviously, the definition of close 

and large offset depends on many factors including explosive charge and buried depth. 

Moreover, explosives might not be the ideal source for surface wave applications as they 

produce less ground roll comparing to surface sources such as a harmonic vibrator (Suarez 

and Stewart 2008b; Kumar et al. 2011). Finally, costs, environmental considerations, and 

permitting can impose serious limitations on using explosions in many applications.      

Vibratory and harmonic sources were also incorporated in some studies, and some 

of the results related to such sources are discussed earlier. Other findings show a consistent 

pattern for the behavior of vibrators. If the objective of a survey is to focus on high 

frequency (>50 Hz) energy, then, a small size (also called mini-vibroseis) provides stronger 

signal power than heavy vibroseis and dynamites (Suarez and Stewart 2008b). In the 
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intermediate frequency ranges (10-40 Hz), a heavy vibroseis (e.g., 52,000 lb) machine 

show comparable signal power and frequency content to dynamites (Suarez and Stewart 

2008a). A heavier vibrator, 80,000 lb and above, is likely to outperform explosives, AWDs, 

and smaller vibrators (Kumar et al. 2011).  

2.3.2 Studies Focused on Base Plates 

The use of a coupler mechanism such as a base plate can improve the conversion 

of impact energy into seismic wave energy, and in the absence of a coupler, almost all the 

kinetic energy is consumed for plastic deformations (Mereu et al. 1963). As stated earlier, 

there are very few studies that solely investigate the role and effects of different base plates 

for impact sources. Major conclusions drawn from these studies are highlighted below 

(Table 2-2). 

Base plate material was a top topic of interest for a number of researchers. Metallic 

plates made of aluminum and steel resulted in similar both frequency content and amplitude 

(Keiswetter and Steeples 1994). In another one-site observation, an aluminum plate 

delivered the least amount of energy to the ground when compared to a steel and a 

polyethylene plate (Kim and Lee 2011), and therefore, it was hypothesized that aluminum 

plates can be replaced by plastic plates as plastic plates can generate wave components 

with higher wavelengths capable of penetrating deeper into the subsurface profile. Further 

efforts on this topic revealed that using a rubber or plastic-type plate can potentially 

improve the low frequency response on dispersion images in MASW surveys (Coe and 

Asabere 2015; Asabere et al. 2016; Asabere 2016).  
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Changes caused by displacing the base plate and the point of contact between an 

impact mass and plate have also been examined. An off-center strike reduces the power of 

produced signal (Keiswetter and Steeples 1994). Testing with embedded plates showed an 

increase in amplitudes while the frequency content remained unchanged (Keiswetter and 

Steeples 1994).   

The effects of geometry and weight of the base plate have also been reported. 

Larger base plates have proven to increase the seismic energy, while base plates of same 

area but different masses did not alter the spectral content in a meaningful manner 

(Keiswetter and Steeples 1994, 1995). Moreover, base plates of same area but different 

shape produce signals with different power. Generally, a rectangular plate with an aspect 

ratio ranging from 1 to 2, tend to increase energy by 10-20% comparing to a circular plate 

of same area (Jeong and Kim 2012). These results also indicated that the power and 

frequency bandwidth is the highest when the long side of plate (aspect ratio of 2) is 

perpendicular to the receiver line.  

Finally, the changes caused by repeated impacts have been studied. Repeated 

impacts on the same plate tend to increase the signal power at high frequency levels (>70 

Hz), but the spectral characteristics below 70 Hz were identical which led to the conclusion 

that the frequency content at frequencies below 70 Hz are independent of impact number 

and are indistinguishable (Keiswetter and Steeples 1994). Also, it has been suggested that 

the increase in amplitude associated with repeated impacts is inversely proportional to the 

area of the base plate (Keiswetter and Steeples 1994).  
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2.4      Previous Studies Comparing Love Waves and Rayleigh Waves 

As mentioned earlier, Rayleigh waves have received much attention for MASW 

with Love waves generally less employed for this purpose. However, for the past few years, 

there has been a rise in the use of Love waves for site characterization purposes. Some have 

focused exclusively on Love waves and examine various aspects of their propagation from 

a theoretical and/or a practical point of view. Such studies usually lack a direct comparison 

of Rayleigh and Love waves. On the other hand, there are studies in the literature aimed at 

comparing Rayleigh and Love waves. They primarily focus on basic differences and often 

times are limited in scope to a small number of collected field or synthesized seismic data. 

Other Love wave studies discuss joint analysis of seismic data where one data source is 

collected from Love wave testing. Studies and major findings of each group will be 

reviewed in the following paragraphs.  

2.4.1 Studies Focused Primarily on Love Wave Propagation 

Much of the literature devoted to MASW with Love waves has focused primarily 

on the theoretical and practical aspects of Love waves with very little direct comparison to 

other surface waves. Analytical approaches, synthetic models, computer simulations, and 

field surveys are the common tools used in this group of studies.  

Given the theoretical basis for the existence of Love waves, it has long been known 

that a stiffness contrast at the near surface is necessary for the existence of Love waves. In 

this regard, a minimum of 1 m of top soft material would be ideal to recover promising 

Love wave data in the frequency range of 5-50 Hz (Eslick et al. 2008). Other data 

acquisition techniques allow for the collection of Love wave data from challenging 
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situations such as seabed surveys (Winsborrow et al. 2003) and horizontal impacts that are 

not in-line with the receiver spread (Pan et al. 2016).  

As highlighted in several studies, a low velocity layer (LVL) profile where a low 

velocity layer is confined between two stiffer layers usually excites a multimodal 

dispersion of Love waves (Safani et al. 2005; Safani et al. 2006; Luo et al. 2010; Mi et al. 

2016). Due to the presence of multiple modes, mode identification on such LVL cases 

should be treated with caution. One reason justifying the strong excitation of multiple 

modes is that short wavelength components with low phase velocities are trapped in the 

LVL, and a specific component should have more energy (i.e., larger phase velocity) to 

penetrate through the LVL (Mi et al. 2016). This causes multiple modes to appear on the 

overtone image. Another potential concern with LVL models is that the inversion of 

dispersion curves may not detect the soft layer (Luo et al. 2010). One measure to improve 

the accuracy in LVL cases is to perform linear/non-linear multimodal inversion (Safani et 

al. 2005; Hamimu et al. 2011). Same hold with high velocity layer (HVL) models as HVL 

models are equally prone to mode misidentification.  

2.4.2 Studies Focused on Comparing/Joint Inversion of Love and Rayleigh Wave 

Propagation 

MASW testing using Love waves typically provide sharper dispersion images with 

clear separation between fundamental mode and higher modes (Xia et al. 2009; Lane 2009; 

Xia et al. 2010; Xia et al. 2012; Xia 2014). The sensitivity and stability of the Love wave 

inversion is higher, but its convergence rate is often slower than that of Rayleigh waves 

(Safani et al. 2005). Especially in shallow bedrock geologies, Love wave inversion is 
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proven to be superior over Rayleigh wave inversion (Joh et al. 2006). Love waves are also 

more sensitive to shallow geologic formations, Vs and layer thickness, than Rayleigh waves 

(Song et al. 1989; Zeng et al. 2007). Dispersion curves generated from Love wave data 

potentially covers a broader frequency bandwidth with a lower minimum frequency and a 

higher maximum frequency (Konstantaki et al. 2015).  

The findings on penetration depth of Rayleigh and Love waves show a wide range 

of variations; In one case it was reported that Rayleigh waves can “see” up to 30-40% 

deeper than Love waves with the same wavelength (Yin et al. 2014). In another instance, 

the wavelength required to penetrate a certain depth using Love waves is as twice as long 

(i.e., 100% larger λ) as it is for Rayleigh waves (Song et al. 1989).   

On several occasions, differences have been observed in the inverted Vs of Rayleigh 

and Love wave data collected at the same site (e.g., Safani et al. 2005; Lane 2009; 

Konstantaki et al. 2015; Dal Moro and Ferigo 2011). Discrepancies are often attributed to 

seismic anisotropy and different quality of P/Sv and SH-wave data acquisition and 

inversion.  

Numerical efforts demonstrated that in normally dispersive profiles, both Rayleigh 

and Love waves successfully recover the true Vs profile. In LVL cases, both surface waves 

are likely to not detect the soft layer, and to suffer from unstable inversions (Joh et al. 

2006). As stated earlier, a multimodal inversion would improve the accuracy of inverted 

profiles in such cases. A second approach to deal with LVL models is to jointly invert 

Rayleigh and Love wave dispersion curves (Joh et al. 2006). However, a joint inversion 
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approach was proven to be challenging and not suitable for all subsurface conditions (Joh 

et al. 2006; Lane 2009; Dal Moro and Ferigo 2011). 

In models containing LVL/HVL, the shortest λ required to penetrate layers 

shallower than the LVH/HVL is not influenced by the abnormal layer. For the abnormal 

layer, longer λ are required to penetrate the HVL model when compared to the profile with 

no HVL. For layers beneath the HVL/LVL, a longer λ must be produced (Yin et al. 2014). 

2.5 Summary 

Despite the increased use of surface wave testing in the past two decades, certain 

aspects of MASW have not been fully explored. One is the role of base plate material on 

Rayleigh wave generation and propagation. It has been claimed that plastic-type base plates 

improve the low-frequency response. However, no research has systematically tested this 

claim using a combined field, laboratory, and numerical modeling approach. An objective 

of the current study was to evaluate the role of base plate material on MASW using 

Rayleigh waves.  

Love waves have been the focus of several published studies. However, 

practitioners and researchers have typically acquired Love wave data using the same 

parameters as Rayleigh wave testing, in part due to the limited number of Rayleigh and 

Love wave studies carried out at the same location. Given the fundamental differences 

between Rayleigh and Love waves, optimal data collection may require different survey 

parameters. The second objective is to study the differences between Rayleigh and Love 

wave generation and propagation, and to investigate how such differences influence survey 

design. 
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(a) (b) 

Figure 2-1. (a) Rayleigh wave propogation (Dal Moro 2015), and (b) Rayleigh wave horizotnal 

and vertical motion amplitude (After Richart et al. 1970) 
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(a) (b) 

Figure 2-2. (a) Love wave propagation (Dal Moro 2015), and (b) particle displacement amplitude 

of Love waves (Kramer 1996) 

 

Figure 2-3. (a) no dispersion in a homogeneous half space (b) dispersion of surface waves in 

layered medium (Pei 2007) 

      (a)                                                (b) 
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(a) (b) 

Figure 2-4. The concept of dispersion as described in Dal Moro (2015) (a) No dispersion, (b) 

Dispersed formation (Dal Moro 2015) 

 

Figure 2-5. Rayleigh displacement eigenfunctions of four modes for a layered medium (dashed 

and solid lines are horizontal and vertical components, respectively) (Foti et al. 2015) 
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Figure 2-6. Geophone details (Foti et al. 2015) 

   
(a) (b) (c) 

Figure 2-7 (a) a spiked geophone, (b) a geophone on a tripod, and (c) a landstreamer 
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(a) (b) (c) 

  
(d) (e) 

Figure 2-8. Some of the sources used in Love wave surveys [(a) Hasbrouck 1983; (b) Sambuelli et al. 2001; (c) Ellefsen et al. 2007; (d) Haines 2007; (e) Lane 

2009] 
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Figure 2-9. Schematic of field setup (Foti et al. 2015) 

 

Figure 2-10. Desirable and undesirable topographical conditions (Kansas Geological Survey 

Website) 
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(a) (b) 

Figure 2-11. Unconventional impulsive sources: (a) custom-made portable AWD (Yordkayhun and Suwan 

2012); (b) Bobcat source (Sopher et al. 2014).  
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Table 2-1. Seismic source properties from literature 

Source  Remarks Reference(s) 
S

le
d

g
eh

am
m

er
s 

- 6 kg hammer samples up to 20 m Herbst et al. 1998 

- Heavier masses and larger extensions increase energy transfer 
Foti 2000 

Keiswetter & Steeples 1994 

- Energy increase with mass could be marginal at f <10 Hz 

 

Park et al. 2002 

- At f >20 Hz, compares favorably to vibroseis on overtone images 

 

Wood & Cox 2012 

- Larger uncertainty and reduced SNR at  f <20 Hz 

 

Wood & Cox 2012 

- Effective on stiff soils Miller et al. 1986, 1992, 1994 

A
W

D
 

- Desirable for testing on gravel/paved surfaces 

 

Atanackov & Gosar 2013 

- Effective on stiff soils 

 

Miller et al. 1986, 1992, 1994 

- Potential increase in higher mode energy (>30 Hz) 

 

Park et al. 2002 

- With the right size, can equally perform as guns and vibrators 

 

Yordkayhun et al. 2009 

Atanackov & Gosar 2013 

 

- Possible reduction in low-frequency (<10 Hz) energy Park et al. 2002 

E
x
p
lo

si
v
es

 

- Superior SNR and bandwidth comparing to non-explosive sources 

 

 

 

 

Staples et al. 1999 

Bühnemann & Holliger 1998 

Suarez & Stewart 2008a 

Brom & Stan-Kłeczek 2015 

- Produce frequency components below 6 Hz Staples et al. 1999 

Suarez & Stewart 2008a 

 

- Less consistent waveforms w/ multiple dominant frequencies Brom & Stan-Kłeczek 2015 

 

- Not suitable for close offsets Staples et al. 1999 

 

- Not ideal for surface wave applications Suarez & Stewart 2008b;  

Kumar et al. 2011 

- Costs, environmental concerns, license and permitting issues  

S
ei

sm
ic

 V
ib

ra
to

rs
 

- Consistent and predictable response patterns 

 

 

- Small size vibrators preferable over explosives at f >50 Hz 

 

Suarez & Stewart 2008b 

- Mid to heavy size (50,000 lb) vibrators are comparable to 

dynamites in 10-40 Hz range  

 

Suarez & Stewart 2008b 

- Extra heavy vibrators (80,000 lb) can outperform explosives and 

AWDs 

Kumar et al. 2011 
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Table 2-2. Literature findings on the effects of base plate on seismic survey results 

Parameter  Remarks Reference(s) 
M

at
er

ia
l 

- Similar frequency content and amplitude with aluminum and 

steel  

Keiswetter & Steeples 1994 

- Aluminum reduced energy transfer comparing to steel and 

polyethylene 

Kim & Lee 2011 

- Improved low frequency response on dispersion images with 

plastic-type plates 

Coe & Asabere 2015  

Asabere et al. 2016 

Asabere 2016 

G
eo

m
et

ry
 - Increased energy with larger plates 

Keiswetter & Steeples 1994, 

1995 

- Mass did not change the frequency content meaningfully  
Keiswetter & Steeples 1994, 

1995 

- Rectangular plates improve energy by 10-20% Jeong & Kim 2012 

  

L
o
ca

ti
o
n
 o

f 

p
la

te
/I

m
p
ac

t 

p
ro

p
er

ti
es

 

- Reduced energy with off-center impacts 

 

Keiswetter & Steeples 1994 

- Unchanged frequency content and increased power with 

embedded plates 

 

- Repeated impacts increase power at f >70 Hz, but records are 

completely identical at f <70 Hz. 
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3 CHAPTER 3 

FIELD INVESTIGATION ON THE EFFECTS OF BASE PLATE 

MATERIAL ON MASW DATA 

Preface: The contents of this chapter are in part based on a manuscript currently under 

review: Mahvelati, S., Coe, J. T., and Asabere, P., Field Investigation on The Effects of 

Base Plate Material on Experimental Surface Wave Data Acquired Using the Multichannel 

Analysis of Surface Waves (MASW) Method: Journal of Environmental & Engineering 

Geophysics. 

3.1 Introduction  

This chapter describes efforts to quantify the effects of base plate material on the 

signals acquired during MASW testing with Rayleigh waves. Field testing was initially 

performed to examine the effects of base plates on real field data from multiple sites, 

something that is missing in the literature based on the review presented in Chapter 2. Later 

efforts in this chapter describe the subsequent numerical modeling and laboratory testing 

used to better interpret field results and explain discrepancies noted in the field data. 

3.2  Initial Field Efforts 

This section discusses the findings from MASW experiments performed at six sites 

in southeastern Pennsylvania (Figure 3-1) using different base plates. Field investigations 

were performed at multiple sites and the resulting waveforms were processed using a 

number of approaches. The field test sites are described followed by the methods used to 

acquire the data.  
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3.2.1 Site Selection 

Five of the sites were located within the urban core of the Philadelphia metropolitan 

area and one site was located in a suburb approximately 16 miles (26 km) north of the city 

center. These sites and their corresponding coding are: (1) Dendy Recreation Center (DRC) 

(2) Fairmount Park Edgely Field (FEF) (3) Martin Luther King Jr. Drive near Belmont 

Waterworks (MLK) (4) Penn Treaty Park (PTP) (5) Temple University Ambler Campus 

(TA1) and (6) Temple University Track Field (TTF). 

The test sites were selected to encompass the broad range of subsurface conditions 

available within Philadelphia. The Philadelphia region straddles both the Coastal Plain and 

Piedmont physiographic provinces. Much of the city is underlain by the Wissahickon 

Formation, which is composed of strongly foliated pelitic schist intruded by felsic igneous 

rocks. In some areas, the bedrock is more feldspathic and less pelitic, indicative of the 

Fairmount member of the Wissahickon Formation (Bosbyshell, 2008). The highly 

weathered surface of the Wissahickon Formation is approximately located at sea level near 

the Schuylkill River on the western edge of the city center and grades downwards in the 

eastern direction to approximately elevation -30.0 m at the Delaware River on the eastern 

edge of the city center (Glynn and Fergusson, 1991). This bedrock is overlain by saprolite 

with highly variable thickness and unconsolidated sediments of increasing thickness 

towards the eastern side of the city. 

Figure 3-2 provides VS profiles generated using the surface wave results from this 

study. These profiles demonstrate the range in unconsolidated sediment thickness and 

weathered rock velocities present in this study. Testing at PTP represented the deepest 

surficial soil site with overall slower velocities in comparison to the rest of the sites. The 
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FEF and MLK sites were located on the western part of central Philadelphia closer to 

outcrops of the Wissahickon Formation along the Schuylkill River. The weathered rock is 

closer to the surface at these sites as demonstrated by their generally higher velocities. The 

TTF and DRC sites are located further east from the Schuylkill River and underlain by 

bedrock mapped as the Fairmount member of the Wissahickon Formation. These sites 

highlight the appreciable range in subsurface stiffness and bedrock weathering present 

within a small spatial scale. For instance, DRC exhibited intermediate velocities relative to 

PTP and FEF/MLK. However, TTF exhibited significantly larger velocities comparable to 

FEF and MLK despite being located less than 1 km from DRC. Finally, TA1 is located 

much farther north and is underlain by the Stockton Formation composed primarily of 

medium to coarse grained sandstone, siltstone, and mudstone with shale interbeds. Figure 

3-2 shows that this site exhibited an intermediate velocity profile relative to the soft soil 

PTP site and the stiffer rock sites of FEF and MLK closer to the Philadelphia city center.   

In addition to subsurface stiffness, conditions near the ground surface were also 

important aspects to consider during this testing. The ground surface at the DRC, TA1, 

PTP, FEF, and MLK sites generally consisted of soft to medium stiff unconsolidated 

sediments such as silts, sands, and clays. No gravelly soils or obstructions were identified 

near the ground surface. Therefore, a good ground coupling of the geophones using spikes 

was accomplished. However, the TA1 and PTP sites (and MLK to a lesser extent) were 

particularly soft relative to the other sites. The TTF site on the other hand had fairly stiff 

top soil which required additional time and effort when planting the geophones to ensure 

that they were sufficiently coupled with the ground.  
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Generally, all of the sites are located in settings with the potential for high seismic 

background noise from automotive traffic. The FEF site is immediately adjacent to Kelly 

Drive, which is a major thoroughfare often used by suburban commuters to bypass or 

connect with Interstate 76 (I-76). Martin Luther King Jr. Drive adjacent to the MLK site 

also carries relatively heavy traffic at various points of the day. TA1 is located adjacent to 

the Meetinghouse Road, a moderately used suburban road. However, the traffic on this 

road notably increases in response to classes at the Ambler Campus of Temple University. 

PTP exhibited significant background noise due to automotive traffic on nearby Delaware 

Avenue and Interstate 95 (I-95). At all of these sites, the testing was whenever possible to 

avoid commuting hours and minimize the presence of traffic noise, though some measure 

of noise was unavoidable and could vary between testing with the different base plates 

and/or at different source offsets. Other sources of noise were also present at a number of 

the sites. At DRC an active Amtrak railway line was parallel to the eastern boundary of the 

site. Sledgehammer impacts were avoided during periods when trains were traveling 

adjacent to the site. In addition to traffic, PTP also had noise related to on-site recreational 

activities and construction projects associated with rehabilitation of I-95.  

The TTF site was encircled by an oval running track, which contributed pedestrian 

noise from recreational activities. As with automotive traffic, field surveys were carried 

out during off-peak hours whenever possible and background seismic noise was constantly 

monitored to avoid shots during extreme noise events. In the case of the TTF site, it was 

necessary to limit the effects of the generated impacts and avoid disturbances in nearby 

practices (e.g., Temple University athletic programs). 
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3.2.2 Field Setup and Data Acquisition Parameters 

Surface wave data for this study was collected from August 2015 to October 2015. 

The same field setup and data acquisition parameters were used at all sites to ensure 

uniformity and isolate the effects of the base plates. The linear receiver array consisted of 

24 vertical component geophones (4.5 Hz) spaced at 1.5 m intervals. Based on this spacing, 

the total array length from the first geophone to the last was 34.5 m. An 8 lb and a 20 lb 

sledgehammer were used as the seismic sources to generate surface waves. The 

corresponding impacts were generated at several offset locations on both sides of the 

receiver array. The offset locations included 1dx, 3dx, 6dx, 12dx, and 24dx, where dx 

represents the receiver spacing (1.5 m). Signal stacking on data acquired from multiple 

strikes were used at each offset location to increase the signal to noise ratio (SNR). During 

data acquisition, the waveform signals from the geophones were monitored after each 

hammer strike. Signal to noise ratio did not seem to improve after 3 hammer strikes at each 

of the sites, so data collection proceeded with this number of hammer strikes. 

The data was acquired using a Geometrics© Geode seismograph and a field laptop 

with the Geometrics© Seismodule Controller Software (SCS). An interval of 0.125 ms was 

used to sample the surface waves and acquired 16,384 samples for a total signal duration 

of 2.048 s. A trigger switch attached to the sledgehammer handle performed inconsistently 

in this study. Therefore, a geophone planted adjacent to the base plates was used as a 

triggering mechanism for data collection. 

During the field efforts, three plate configurations were utilized to couple the 

impact with the underlying soil profile. These configurations consisted of (1) a 2.5 cm-

thick aluminum plate (hereafter referred to as the Al base plate). (2) a 2.5 cm thick 
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aluminum plate over an ethylene propylene diene monomer (EPDM) rubber mat of 1.3 cm 

(0.5 in) thickness (hereafter referred to as the Al/EPDM base plate), and (3) an ultra-high-

molecular-weight (UHMW) polyethylene (PE) plate of 3.8 cm (1.5 in) thickness (hereafter 

referred to as the PE base plate) (Figure 3-3). All the plates were 0.3 m square in shape to 

avoid any effects of geometry on the signals (e.g., Jeong and Kim, 2012). 

Initially, attempts were made to use a 2.5 cm (1.0 in) thick EPDM rubber mat in 

this study. However, there were issues with this arrangement that led to adoption of a 

hybrid Al/EPDM base plate. First, triggering proved to be inconsistent when an EPDM 

sheet was used as a plate, even when an adjacent geophone was used as a triggering source. 

Additionally, the ground deformations from impacts were severe since the limited stiffness 

of the EPDM rubber did not effectively increase the surface area over which the impact 

was input. This led to accelerated wear and tear on the EPDM sheet. Additionally, 

performance was also inconsistent at a given offset as additional strikes were performed 

because the ground deformations altered the geometry and coupling of the hammer-plate 

system. The Al/EPDM base plate did not exhibit these issues. The use of this hybrid base 

plate allowed an indication of the effects of softer materials on base plate performance, 

particularly in relation to an Al base plate. 

Data post-processing was performed using a combination of custom scripts in the 

MATLAB numerical computing environment and the Geometrics© SeisImager/SW 

software package. MATLAB was primarily used to manipulate the recorded signals and 

evaluate spectral content, relative energy, and signal to noise ratio. Subsequently, the 

SeisImager/SW software package was employed to process the recorded surface wave 

records for dispersion curve information. The SeisImager/SW software uses the phase shift 
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method (Park et al., 1998) to convert the multichannel records in the time (t)-space (x) 

domain into the frequency (f)-phase velocity (Cf) domain. Then, the resulting overtone 

image was examined to evaluate trends in energy accumulation for the surface wave 

dispersion at the site. 

3.2.3 Testing Results 

Testing at each of the sites proceeded in a consistent manner with respect to 

hardware, data acquisition parameters, and testing procedures. However, the base plates 

were swapped to acquire data with all base plate configurations at each of the sites. At each 

offset location attempts were made to negate the effects of strike-induced soil compaction 

by compressing the soil prior to recording (e.g., dummy impacts and manual efforts to 

compact the soil underneath the plate). The order of deployment was Al, Al/EPDM and PE 

plate. After all data was acquired, the resulting signals and corresponding dispersion 

images were examined for changes in spectral content relative energy levels, and signal to 

noise ratio. This allowed quantification of the effects of base plate material on surface wave 

generation and dispersion. Such direct quantification is unavailable in the literature. 

3.2.3.1 Frequency Content 

The frequency content present in a surface wave is important to ensure adequate 

coverage for development of a dispersion curve during MASW analysis. Therefore, it was 

critical to examine how base plate material could affect this parameter. The Fourier 

transform of a signal reveals the relative contribution of different frequency components 

in reconstructing the entire signal from an infinite series of sine waves. Power is the squared 

magnitude of a signal's Fourier amplitude spectrum, normalized by the number of 

frequency samples. Figure 3-4 to Figure 3-9 plot the normalized power of the waveforms 
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collected with the different base plate combinations and the 20 lb and 8 lb hammers at each 

of the sites. Each sub-figure contains the normalized power from three base plate 

configurations at a given offset.  The amplitudes on each sub-figure have been normalized 

with respect to the maximum observed power at that specific offset location so that one 

curve in each of the pairs of sub-figures will have a maximum amplitude of unity (typically 

the 20 lb hammer striking the PE plate). Additionally, the raw signals were processed by 

applying a band-pass filter in the frequency domain with corner frequencies of 4 Hz and 

80 Hz to focus on coherent seismic signals and diminish the effects of background seismic 

noise. Smoothing has also been applied to all spectra by taking a running average of seven 

data points across each frequency bin.  

An examination of Figure 3-4 to Figure 3-9 yields a number of important 

observations. Some are quite predictable given the nature of the testing and the preceding 

results but warrant discussion to highlight repeatability in the results. For example, the 

overall general shapes of the power spectra are qualitatively similar at a given site no matter 

the hammer or base plate combination.  

Although consistent patterns in the power spectra of different plates can be 

identified by visual inspection, power records from each offset location were examined in 

a hypothesis test. A common statistical procedure to check whether two data sets are 

statistically different is a paired t-test. A paired t-test is based on the following four main 

assumptions: (1) the dependent variable must be continuous (interval/ratio), (2) the 

observations are independent of one another, (3) the dependent variable should be 

approximately normally distributed, and (4) the dependent variable should not contain any 

outliers. For this case, condition number (3) which determines whether the differences 
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between the two sets are normally distributed needs be checked. To test the assumption of 

normality, a variety of methods are available. The simplest is to inspect the data visually 

using a tool like a histogram. Real-world data are almost never perfectly normal, so this 

assumption can be considered reasonably met if the shape looks approximately symmetric 

and bell-shaped. In this regard, some procedures such as the Kolmogorov-Smirnov test can 

be used to access the normality of a given distribution. For select pairs of records, the 

differences between their powers were calculated across the frequency band of interest (10-

70 Hz). Then, the test was used to evaluate whether at 5% significance level, the differences 

come from a normal distribution. Attempts made to check the normality of the differences 

revealed that the differences are not consistently following a normal distribution.  

Therefore, to maintain consistency, the non-parametric Wilcoxon signed-rank test was 

used to access the differences. The Wilcoxon signed-rank test does not assume normality 

in the data and can be used when this assumption has been violated and the use of t-test is 

inappropriate. At 5% significance level, the test suggests if the differences come from a 

distribution with zero median (null hypothesis) versus the alternative hypothesis that rejects 

the null hypothesis.  

Hypothesis tests were carried out on the power spectra covering the 10-70 Hz 

frequency range. Table 3-1 presents the results of the hypothesis testing and the relative 

changes in power spectra relative to the Al plate. The shading of each cell represents the 

outcome of the hypothesis test where green signifies a statistically significant increase in 

the power, red stands for a statistically significant decrease in the power, and yellow means 

that the powers were found to be statistically not different. The number in each cell shows 

the average change in normalized power in the same 10-70 Hz frequency range. According 
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to the numbers reported in this table, on average and across all sites, the Al/EPDM plate 

increased the normalized power by 2.8% for 20 lb hammer impacts and 0.2% for 8 lb 

hammer impacts. The PE plate, however, exhibited a more pronounced effect on the power. 

On average, the PE plate caused a 8.9% and 2.5% increase in the power of 20 lb and 8 lb 

hammer strikes. Note that the increase is based on averaging the differences over the 10-

70 Hz frequency range and the increase in the peak amplitude is thus expected to be larger 

than the overall average increase.   

 In addition to the power spectra, it is also useful to examine how changes in the 

power spectra amplitudes correspond to changes in the characteristics of the acquired 

signals. This was examined based on a number of useful signal parameters: (1) dominant 

frequency and signal bandwidth; (2) lowest power spectra frequency; and (3) highest power 

spectra frequency. 

While different characterizations of dominant frequency have been presented in the 

literature, in this study the focus was on the frequency of the power spectrum peak. 

Alternative characterizations of dominant frequency include: the square root of the second 

moment of power spectrum (e.g., Barnes 1993), a factor of peak frequency (e.g., Kallweit 

and Wood 1982; peak frequency is equivalent to the dominant frequency in this study), and 

the “root-mean-square frequency” equation presented in Papoulis (1948) and Appendix A 

in Barnes (1993). However, interpretation can be problematic when the power record 

shows multimodal behavior or when the peak occurs outside of the predominant frequency 

bandwidth (i.e., outlier peak). For instance, the PTP power spectrum spread over a broader 

range of frequencies and exhibited significant peaks and valleys throughout this frequency 

range (Figure 3-7). The power spectrum acquired with impacts on Al at an offset of -1dx 
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at DRC is another example showing multimodal behavior (Figure 3-4). The presence of 

such behavior can be caused by geologies that excite multiple modes and mode-splitting is 

manifested by multiple local peaks (e.g., Stovall 2010), air-coupled waves (e.g., Atanackov 

and Gosar 2013), non-center impacts (e.g., Keiswetter and Steeples 1994), source 

generated and/or natural presence of high-frequency energy at closer offsets (e.g., Suarez 

and Stewart 2008bl Sopher et al. 2014), or by strong reflections of certain frequency 

components (e.g., Kırlangıç 2013). In such cases, it somewhat impractical to interpret 

characteristic values for dominant frequency and bandwidth. Therefore, the discussion of 

signal characteristics will not emphasize the results from such problematic cases. 

Generally, the prevailing theory regarding the use of plastic and/or rubber plates is 

that they may improve low frequency response (Park, 2013). However, any improvements 

in low frequency signal generation caused by the longer impact times of plastic and rubber 

plates may be negated by the lighter plate mass. Table 3-2 summarizes the dominant 

frequencies from different offsets across all the sites. A similar statistical analysis was 

performed on the paired data where the dominant frequencies of Al/EPDM and PE were 

tested against Al in terms of their differences. In doing so, dominant frequencies from all 

the sites were aggregated and used as inputs into the test. The reason for combining 

frequencies from different sites is that there are only 10 pairs with each hammer (at most) 

to compare at each site. The number of pairs is even reduced when multimodal and outlier 

behavior exists, and reliability of any conclusions drawn from limited pairs of data can be 

questioned. After merging the data and conducting the statistical test, outcomes confirmed 

that dominant frequencies of Al/EPDM and PE power spectra from 20 lb hammer strikes 

are statistically different from those of AL power spectra. However, despite having a 



55 

 

meaningful statistical difference, the actual reductions in dominant frequency were quite 

modest. On average, the Al/EPDM and PE plate configurations lowered the dominant 

frequency by 0.2 Hz and 0.9 Hz, respectively. A similar procedure was followed for the 

records from the 8 lb hammer strikes. The differences were concluded to be statistically 

insignificant and on average the changes were less than 0.1 Hz.   

The bandwidth of the signals can be defined in a number of ways. Typically, 

bandwidth corresponds to a dominant frequency range where the power amplitude of a 

signal is greater than half its peak value (Kramer, 1996). However, this parameter can be 

significantly affected by highly localized variations in the amplitude of power spectra, even 

when such spectra are smoothed. Therefore, in this study the shape factor (δ) defined by 

Vanmarcke (1976) was adopted as a proxy for signal bandwidth: 

𝛿 = √1 −
𝜆1

2

𝜆0𝜆2
 (3-1) 

𝜆𝑛 = ∫ 𝐺(𝜔)𝜔𝑛𝑑𝜔
𝜔𝑁

0

 
(3-2) 

where ω is the angular frequency, ωN is the angular frequency corresponding to the Nyquist 

frequency (half the sampling frequency), λn is the nth spectral moment, and G(ω) represents 

the power spectral density of the signal. Larger values of δ correspond to larger bandwidths 

in the signals and δ always varies between 0 and 1 (Kramer, 1996). Another representation 

for spectral content can be obtained by estimating the lowest and highest frequency that is 

reliably present in the power spectra. In this study, the lowest and highest power spectra 

frequency criteria were defined as minima and maxima frequencies where the normalized 

power amplitude was at least 2%. Though this definition is somewhat subjective, it does 

provide a measure by which to consistently compare the extreme limits of the frequency 
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content and any effects of base plate on this aspect of signal behavior. These parameters 

were evaluated because there may be instances where δ may not change but the power 

spectra may entirely shift towards a lower frequency range or a higher frequency range as 

a result of changes in the base plate. Therefore, examining both δ and lowest/highest 

spectra frequency would determine changes in spectral shape and shifts in overall 

frequency content. 

The aforementioned signal characteristics were determined for all sites based on 

the spectra of Figure 3-4 to Figure 3-9, and are presented in Table 3-4 to Table 3-6. Table 

3-4 lists the relative changes in shape factor for Al/EPDM and PE with respect to Al at all 

source offsets. Green shading represents favorable increases (>1%), modest changes (| 

|<1%) were colored in yellow, and red shows unfavorable decreases in shape factor (<-

1%). The PTP site was heavily influenced by significant background noise that created a 

power spectrum radically different than the other sites. The PTP power spectrum spread 

over a broader range of frequencies and exhibited significant peaks and valleys throughout 

this frequency range. As observed previously, the multimodal behavior from PTP made 

this site impractical for signal interpretation. Thus, discussion of signal characteristics will 

not emphasize the results from the PTP site. 

Statistical analysis was performed on the results for the shape factor percent 

differences in Table 3-4. Each matrix of 5 x 10 cells represents the use of a specific hammer 

size over a specific plate configuration across different sites and source offsets. These 

percent differences were tested in the hypothesis test to check whether the relative 

differences in shape factor were statistically deviant from zero. In 2 out of 4 combinations, 

namely (20-lb, Al/EPDM) and (8-lb, PE), the differences were statistically significant from 
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zero (p-value<0.05), and in the remaining two cases they were deemed to be statistically 

insignificant (p-value>0.05). However, on average, all 4 cases yielded a modest increase, 

ranging from 0.4% to 0.8%, suggesting a minor (<1%) improvement in the shape factor 

when Al/EPDM and PE plates are used.    

Table 3-5 and Table 3-6 report the relative changes in the lowest and highest power 

spectra frequencies relative to the Al plate. Similar to previous tables, these tables are 

shown in a colored format for better visualization. For lowest frequency (Table 3-5), 

decreases are shown in green and increases in the lowest frequency are colored in red. 

Yellow represents no change. For lowest frequency (Table 3-6), the coloring scheme is 

reversed (Green = Increase, Yellow = No Change, Red = Decrease). Again, both the lowest 

and highest power spectra frequencies were tested from a statistical point of view. The test 

confirmed that changes observed with the 20 lb hammer were statistically significant while 

on the other hand, results from the 8 lb hammer did not show enough evidence to reject the 

null hypothesis. On average, the (20 lb, Al/EPDM) configuration reduced the lowest 

frequency by 2.8% and the (20 lb, PE) reduced it by 6.5%. These results seem to marginally 

support the theory of increased low frequency response. The highest power spectra 

frequency was also subjected to the same statistical procedure. The hypothesis test results 

showed that PE plate increased the high frequency regardless of the impact mass, and the 

Al/EPDM increased the frequency only when the 20 lb hammer is used. Unsurprisingly, 

although these changes are statistically significant, the actual changes are rather small when 

it comes to practical use. To be more specific, PE increased the high frequency end by 

1.5% and 0.3% with the 20 lb and 8 lb hammers, and Al/EPDM increased it by 0.3% with 

the 20 lb hammer, but decreased it by 0.2% with the 8 lb hammer.   
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Overall, the general trends in Table 3-4 to Table 3-6 point to statistically significant 

but practically minor changes in frequency content. This implies that rubber and plastic 

base plates primarily increase the amount of signal power transferred into the ground 

without necessarily causing a substantial change in the primary frequency range of the 

input signals. 

3.2.3.2 Relative Energy  

Measurements of energy introduced into the subsurface by each hammer-plate 

combination were evaluated using the “relative energy” concept. As introduced by Miller 

et al. (1986), the summation of squared values of amplitudes from a Fourier amplitude 

spectrum (i.e., power spectrum) provides an estimate of the energy generated by an impact 

source. This energy indicator was computed for all the sites based on hammer-plate 

configuration and offset location. Figure 3-10 and Figure 3-11 plots the normalized relative 

energy with different base plates and impact masses across the sites. Similar to power 

figures, blue color represents Al plate and Al/EPDM and PE configurations are shown in 

red and green. Note that the relative energy levels in these figures were normalized with 

respect to the maximum energy recorded at a given offset with the same hammer. This 

implies that at least one of the relative energy levels will be equal to one for a given offset 

location and hammer.  

An examination of the energy levels as a function of base plate configuration 

provides an indication of the effectiveness with which a particular base plate configuration 

transferred impact energy into the subsurface. Despite some occasional discrepancies, 

Figure 3-10 and Figure 3-11 suggest that the PE plate typically provides the highest amount 

of energy transfer for a given hammer size and source offset. Table 3-3 provides a summary 
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that compares the differences in relative energy transferred by Al/EPDM and PE with 

respect to Al at all the different source offsets. Green cells show 10%+ increases in relative 

energy. Yellow cells represent modest (<10%) increases and red cells are instances when 

relative energy was reduced compared to the Al plate. One observation from the results in 

Table 3-3 is that on average PE and Al/EPDM base plates generally increase energy 

transfer into the ground surface by 21.5% and 6.4% when the 20 lb hammer is involved. 

These changes were less pronounced with the lighter hammer; the strikes of the 8 lb 

hammer on Al/EPDM combination showed an average increase of 2.0% and those of the 

same hammer on PE increased the relative energy by 6.1% relative to the Al plate. The 

Signed-rank test was carried out in the differences and the results indicated that except for 

the (8 lb, Al/EPDM) configuration, all the remaining configurations have significantly 

altered the relative energy which is not surprising given the average numbers reported 

earlier.   

3.2.3.3 Signal-to-Noise Ratio  

Another important aspect to consider regarding the effects of base plate material is 

how much signal strength is improved by using a non-metallic base plate. Based on the 

preceding discussion, it is clear that the use of plastic or rubber in the base plate can 

increase the power spectra and relative energy transfer. However, it is unclear the practical 

effects this will have on signal quality. This can be examined by evaluating the signal-to-

noise ratio (SNR) of the recorded waveforms at the sites. SNR represents the quality of 

collected waveforms and is defined as the ratio of the signal power to the noise power. 

When signal amplitude (AS) and noise amplitude (AN) are measured, SNR and can be 

calculated using equation (3-3): 
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𝑆𝑁𝑅 = 20 log10 (
𝐴𝑆

𝐴𝑁
) 

(3-3) 

where SNR is expressed in units of decibels (dB). In this study, SNR was determined for a 

given trace by comparing the maximum amplitude of the coherent signal within a shot 

window to a representative noise level recorded at the site of interest. In other words, the 

maximum amplitudes extracted from the waveforms were all divided by a constant 

amplitude representing the average noise threshold at the site. The representative noise 

level at each site was estimated based on data from several acquisitions at different offsets. 

The maximum amplitude of signals picked from the latter part of the recording duration 

(i.e., after the primary shot signal has completely propagated through the receiver array) 

were selected and then averaged. The reason for this approach is that different records were 

influenced by different amounts and sources of background noise. Even though caution 

was exercised to collect data when background noise was minimized, these noise levels 

still fluctuated and could systematically bias the estimates of SNR if each trace were 

normalized by its own level of background noise. 

Figure 3-12 plots an example of the SNR acquired with the 20-lb hammer and the 

three base plate configurations at DRC. Each subfigure depicts SNR for offsets on either 

side of the receiver array. Note that for the purpose of studying SNR, only offset of ±3dx, 

±6dx, and ±12dx are considered to avoid possible near-field and far-field effects at ±1dx 

and ±24dx. This process was repeated for the remaining sites and the lighter hammer, not 

shown here for the sake of brevity. One consistent pattern observed here is that the SNR 

differences between hammers were not very large (typically within a few dB) mainly 

because the logarithm function of SNR tends to close the gap between maximum power 

from the 8 lb and 20 lb hammers. For instance, according to equation (3-3), if the signal 
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amplitude is doubled, the SNR only increases by 6 dB.  Figure 3-12 and similar plots allow 

an examination of how much the relative changes in energy transfer discussed previously 

translate into observable changes in SNR across the receiver array. One interesting item to 

note is that the SNR-distance relationship was not always consistent across the length of 

the array. For example, Figure 3-12(a) and (b) show that the PE base plate modestly 

increases SNR at the farther geophones but minimally impacts the SNR at the closest 

geophones. Similar patterns noted at the other sites and may be attributable to the small 

changes in frequency content discussed in previous sections. Any increase in low frequency 

content may decrease the amount of attenuation experienced by the waves as they 

propagate along the linear array. Since the signals contain significant high frequency 

content at the geophones closet to the impact, the increase in low frequency energy is not 

noted in SNR until the recordings from the farther geophones. 

 Table 3-7 presents the average relative changes in SNR from different base plates. 

These results have been averaged across all the channels for a given site, hammer, and 

offset. To better visualize the results on this table, Figure 3-13 has been derived from the 

relative difference in SNR. Figure 3-13 plots the aggregated average relative changes in 

SNR from the different sites.  

 Though there is some scatter in the results in Table 3-7 and Figure 3-13, on average 

the use of a PE base plate increases SNR by approximately 6.9% for the 20 lb 

sledgehammer and 2.8% for the 8 lb sledgehammer in comparison to use of an Al base 

plate. These results again highlight that there was more improvement offered by the PE 

base plate when coupled with a 20 lb sledgehammer compared to an 8 lb hammer. The 

Al/EPDM results can exhibit slightly higher SNR relative to Al results, but the effect is less 
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pronounced. On average, the Al/EPDM improved the SNR by 3.0% with the 20 lb 

sledgehammer and by 1.3% with the 8 lb hammer (excluding outliers at PTP). In terms of 

signal amplitude, using a 20 lb sledgehammer with a PE base plate may on average increase 

signal amplitude by about 10 to 15% relative to an 8 lb sledgehammer. This was also 

noticeable in the results with the Al/EPDM base plate relative to the Al base plate, though 

the difference between 20 lb sledgehammer and 8 lb sledgehammer were less pronounced.    

To conclude this section, an examination Figure 3-13 and Table 3-7, highlights that 

the increased energy transfer offered by a PE base plate does indeed typically lead to 

increases in SNR, though the amount is modest (3 to 7%), site specific, and dependent on 

distance and sledgehammer used (20 lb vs. 8 lb).     

3.2.3.4 Effects on Dispersion Information 

An important aspect of surface wave testing is the development of a dispersion 

curve based on the input seismic wave. The dispersion curve characterizes the velocity-

frequency behavior of the surface waves at a site and is input into an inversion algorithm 

to deduce the subsurface stiffness profile. The dispersion curve is obtained by transforming 

the waveforms from the distance-time domain into the phase velocity-frequency domain. 

The resulting dispersion image (also referred to as overtone image) represents the patterns 

of energy accumulation resulting from the wavefield transformation. 

As an example, Figure 3-14 presents the overtone images at the FEF site using each 

of the base plate configurations. Peaks in the intensity of the overtone image represent 

likely modes of surface wave dispersion for the input seismic signals at the site and can be 

selected to extract a characteristic dispersion curve for the site. The lowest phase velocity 
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for a given frequency in this dispersion curve is referred to as the fundamental mode, 

though higher modes are possible depending on the subsurface characteristics of the site. 

Since previous sections demonstrated that changes in base plates alter the 

characteristics of the input seismic signal especially as it relates to energy transfer, it is 

useful to identify how such changes affect the dispersion information that can be extracted 

at a site. Dispersion images were therefore produced for all the sites in this study with the 

Geometrics SeisImager/SW software package (e.g., Figure 3-14). SeisImager/SW uses the 

phase shift method to transform the waveforms from the distance-time domain into the 

phase velocity-frequency domain (Park et al., 1998). The overtone images were generated 

for a single source offset (-6dx) at each site using each of the base plate configurations and 

the 20 lb sledgehammer. 

Figure 3-15 presents the differences between the overtone images generated by the 

Al/EPDM and the PE base plates relative to the Al base plate. The overtone image for the 

Al base plate is included in Figure 3-15 as a baseline to highlight the general dispersion 

trends at the site. These overtone images and the corresponding extracted dispersion curves 

were compared with particular respect to the following issues: (1) interpretation of 

fundamental/higher modes; (2) low frequency fundamental mode performance; and (3) 

high frequency fundamental mode performance. 

Immediately obvious in Figure 3-14 and Figure 3-15 is that the differences between 

the dispersion images in this study are rather small; on average, the relative increase in the 

intensity of overtone images in the frequency range of 10-80 Hz (and across all phase 

velocities) was less than 1%. In many cases, the largest differences between the overtone 

images occur over frequency ranges where computational artifacts from the phase shift 
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transformation dominate. For example, at very low or high frequencies, the shot records 

primarily consist of incoherent noise and processing this information via the phase shift 

method leads to significant fluctuations in the overtone image. So, it is unsurprising that 

these areas would exhibit the largest differences between the overtone images because they 

are essentially transforming noise with seemingly no coherency between records. 

The variability due to incoherent noise in the dispersion image can make it difficult 

to notice subtle differences in the overtone images corresponding to coherent signal. 

However, these differences are a little more noticeable in the overtone images resulting 

from the DRC, FEF, and MLK sites. The most obvious of these sites are FEF and MLK. 

For example, at FEF the majority of the changes in the overtone images actually correspond 

to energy accumulation associated with a frequency range over which the fundamental 

mode and another higher mode are present. Referring back to the discussion on power 

(Figure 3-5), there was evidence that use of Al/EPDM and PE plates improved the amount 

of energy present over the frequency range that is dominated by the fundamental mode 

(i.e., between 35 Hz – 40 Hz and approximately 200 m/s). However, substitution of the Al 

plate for both the Al/EPDM and PE plates primarily led to increase in energy accumulation 

in the higher mode present in the overtone image. This was quite obvious in the PE results 

for FEF between frequencies of approximately 30 Hz – 40 Hz (right panel on Figure 3-15b). 

In this range, there are significantly higher amounts (10-15%) of energy accumulation in 

the higher mode between 400 m/s and 600 m/s and a corresponding decrease in the 

fundamental mode close to 200 m/s. 

As with the FEF site, the results at MLK did exhibit some reductions (10-20%) in 

the fundamental mode (e.g., 60 – 65 Hz and 240 m/s) and more significant changes 
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associated with a shift towards higher mode excitation. Again, the PE plate seemed to 

increase higher mode participation by as much as 20% as seen in the regions of the overtone 

image bounded by approximately 60 Hz – 70 Hz and 700 m/s – 1000 m/s. These results 

indicate that use of plastic and/or rubber in the base plate configuration can contribute to 

increased higher mode excitability at a site. However, an examination of Figure 3-15 

demonstrates that this increase in higher mode excitability doesn’t necessarily correspond 

to a practically different interpretation of the dispersion behavior at a site. Moreover, the 

results indicate that excitation and presence of higher modes depend more on site properties 

and offset location rather than the base plate used. For example, the longest source offset 

in Figure 3-14 exhibited stronger fundamental mode presence (larger intensity) at higher 

frequencies and the shortest offset excited higher mode behavior at smaller frequencies. 

Also, note that what seems to be a single higher mode in the -6dx overtone images 

compared in Figure 3-14 is most likely a combination of multiple higher modes. This is 

more apparent in the -3dx offset results of Figure 3-14. Therefore, the results in this study 

demonstrate that different base plates do not seem to offer additional partitioning between 

the higher modes. This is reminder that while higher modes can be exploited for their useful 

information, caution should be exercised in their interpretation. 

Another useful aspect to explore regarding the overtone images is whether any 

changes in signal bandwidth highlighted in previous sections translate into appreciable 

differences in the dispersion curve frequency range. The minimum detectable 

(interpretable) frequency component on a dispersion curve directly correlates to the 

maximum detectable λ. This, in turn, determines the maximum depth of investigation. The 

maximum detectable frequency component corresponds to the minimum detectable λ. The 
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minimum λ affects the shallowest resolvable depth of investigation and layer thickness. 

Therefore, an examination of the base plate effects on the dispersion images can also 

highlight any potential improvements in survey resolution and depth of investigation. Low 

and high frequency performance was assessed quantitatively by identifying the minimum 

and maximum frequency component present in the dispersion image. Since a fundamental 

mode inversion is more routinely utilized in the current state of practice, the frequency 

range was established based on fundamental mode behavior. 

There is inherently some subjectivity to this interpretation given the complexity of 

the results plotted in each overtone image. To introduce a measure of objectivity, a 

consistent process was implemented to evaluate the minimum and maximum frequencies. 

First, the automatic selection process implemented by the SeisImager/SW software was 

used to extract an initial dispersion curve from the overtone images. This automatic 

selection process obtains the maximum energy accumulation intensity at a given frequency 

in the overtone image. This inherently will not differentiate between the fundamental mode 

and higher modes. Additionally, as previously noted the very low and high frequency 

ranges of the dispersion image contain significant contributions from computational 

artifacts and transformed noise. Therefore, criteria were established to revise the extracted 

dispersion curve and prevent these issues from negatively influencing the selections for 

maximum and minimum fundamental mode frequency. The first criterion addressed issues 

with spatial aliasing. Spatial aliasing can prevent accurate acquisition of the waveform and 

contribute to the computational artifacts in the overtone image (Park et al. 1999). Minimum 

and maximum λ limits were placed at each phase velocity to prevent spatial aliasing as 

discussed in Park et al. (2001). Additional limits on dispersion curve selections at the low 
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frequency range were placed based on the operating frequency of the geophones used 

during data acquisition (4.5 Hz) and the presence of velocity reversals. Such velocity 

reversals at significantly large depths (and therefore low frequency) are not particularly 

common. So any major decreases in phase velocity at very low frequencies in the overtone 

images were attributed to computational artifacts and spurious noise in the records. Finally, 

the selection of higher modes was avoided using a predetermined setting within the 

SeisImager/SW software that limits dispersion curve selections to data points within 120% 

of adjacent data points. 

Table 3-8 to Table 3-11 presents the minimum and maximum frequencies identified 

along the fundamental mode on the overtone images acquired with 20 lb and 8 lb hammers 

for all sites. These results are based on individual records of the two sledgehammers and 

six offset locations at each site. The closest and farthest offsets have not been included here 

due to artifacts caused by near-field and far-field effects. Figure 3-16 visualizes the results 

for the 20-lb hammer (Table 3-8 and Table 3-9). As would be expected, the minimum and 

maximum frequencies associated with the fundamental mode are site-dependent. However, 

some trends were apparent in the results. First, any changes in the frequency content of the 

fundamental mode dispersion curve due to base plate were quite minor. The variation in 

fundamental mode frequency was less than 5 Hz (except for PTP which exhibited poor 

fundamental mode presence no matter which base plate was used). In four out of the six 

sites (DRC, FEF, MLK, and TTF) the use of rubber or plastic material in the base plate led 

to either a reduction in low fundamental mode frequency or no change. Given the small 

change in the dominant frequency and lower frequency limits of the power spectra, this 

small decrease in minimum fundamental mode dispersion curve frequency is unsurprising. 
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The other two sites (PTP and TA1), however, did not completely follow this trend. The 

issues associated with the surficial soil stiffness that likely contributed to this performance 

have been extensively discussed in previous sections. The minimum retrieved frequencies 

with the 20 lb sledgehammer, excluding PTP and TA1, were tested in the Wilcoxon-signed 

rank test. While the test suggested that differences in minimum frequency acquired from 

PE plate were statistically dissimilar to those of Al plate, it was not the case for Al/EPDM 

meaning that the differences did not show enough evidence to reject the null hypothesis. 

On average, the PE plate reduced the minimum detectable frequency by about 1.0 Hz. The 

reduction effect was less pronounced with the 8 lb hammer and on average the use of rubber 

and/or plastic plat reduced the minimum frequency by less than 0.5 Hz. Similarly, the 

maximum retrieved frequencies were put to the same statistical test; it was concluded that 

the use of plastic base plate caused a statistically meaningful decrease (1.6 Hz on average) 

in the maximum fundamental mode frequency present in the extracted fundamental mode 

dispersion curve while Al/EPDM did not change the fundamental mode high frequency 

content in a meaningful manner. Earlier, the power spectra of the recorded waveforms 

suggested that the overall signal bandwidth was improved (i.e., the shape factor δ 

increased) by the rubber and plastic base plate materials. This increase in δ also manifested 

itself as a minor improvement in power spectra high frequency performance. A simple 

explanation is that the shift in the power spectra towards higher frequencies tended to excite 

higher modes instead of the fundamental modes. The differences in the overtone images 

highlighted previously support this conclusion. Finally, it should be noted that a reduction 

in the fundamental mode dispersion curve on the order of 1.0 Hz (achieved with the heavier 

hammer) may still have appreciable effects on the depth of investigation. Similar increases 
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in fundamental mode high frequency limits will have less of an impact since the resolution 

of surface wave testing is better as the depth of investigation is closer to the surface. 

3.2.3.5 Practical Considerations 

So far, it has been shown that results from viscoelastic material base plates are 

comparable and can be, at times, superior to those of Al plates in terms of energy transfer, 

SNR, and spectral content. However, there are a number of practical considerations that 

should also be considered when selecting the most appropriate base plate for field testing. 

The use of plastic and/or rubber plates offers a major practical advantage: less noise. A 

field experiment was performed to measure sound levels using a smartphone located 30.5 

cm from the base plates with the microphone elevated approximately 4 cm off the ground 

surface so it was not blocked by any objects on the ground (e.g., grass, rocks, etc.). 

Table 3-12 shows that the use of an Al/EPDM and PE base plate with both 

sledgehammers leads to average dB reductions in shot noise of about 15% and 20% 

compared to an Al plate. This may be a consideration in residential or other noise-sensitive 

areas where seismic testing is to be performed. Additionally, reductions in noise can 

improve safety conditions for geophysical field workers and ensure permissible noise 

exposures are met according to Occupational Safety and Health Administration (OSHA) 

guidelines. Another aspect to consider is that plastic and rubber materials weigh less than 

metallic material. In some cases, weight limitations may exist for the transport of a surface 

wave data acquisition system. However, despite evidence in this study that plastic and/or 

rubber base plates perform comparably or better than metallic base plates, they do suffer 

from increased wear during use. The number of shots that can be acquired using a plastic 

and/or rubber base plate is quite reduced relative to metallic base plates. Our experience 
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showed us that rubber deteriorates faster than PE, typically within 10 days of survey. PE 

plates experience permanent deformation, and transform into a bowl-shaped object after 

about the same amount of work. An Al plate on the other hand can be practically used 

indefinitely. So, there is an associated cost increase based on serviceability of plastic and/or 

rubber materials (plates from this study: Al=$74; PE=$60; EPDM=$48). This increase in 

base plate costs for those performing surface wave testing on a regular basis can potentially 

negate any gains from their use, particularly when compared to the relatively modest 

differences in results exhibited in this field study and the decrease in performance when 

soft surficial soils are encountered. 

3.3 Laboratory and Numerical Modeling 

It is evident from the initial field results that base plate material performance may 

exhibit some dependency on surficial soil conditions. The additional laboratory and 

numerical modeling efforts described in the proceeding sections attempt to further 

substantiate the conclusions drawn from initial field efforts, systematically evaluate the 

dependency of base plate effects on surficial soil conditions, and develop recommendations 

regarding the selection of optimal base plate material for MASW testing.  

3.3.1 Laboratory Efforts to Quantify Base Plate Input Signal 

A laboratory system was used to collect impact records on an aluminum and a PE 

plate with similar dimensions to those used in the field. The purpose of this testing was to 

provide read data from which to calibrate numerical models to systematically investigate 

the effects of base plate on input signal. The impacts were recorded by mounting a Model 

200C20 ICP® Force Sensor acquired from PCB Piezotronics. The impact sensor is 

designed to measure compression and impact forces from a fraction of a Newton up to 22.4 
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kN. Power to operate the sensor was provided in the form of a low cost, 24-27 VDC, 2-20 

mA constant current supply (PCB Model 482C05 signal conditioner). The output of this 

signal conditioner was linked to a National Instruments data acquisition board located 

within a PXIe chassis and connected to a personal computer (PC). A custom LabVIEW 

script was written to adjust the data collection parameters (e.g., sampling frequency, 

recording duration, triggering threshold, pre-trigger recording, etc.), and to save the 

collected information. Figure 3-17 schematically illustrates the current laboratory setup. 

The force sensor used in this study necessitates sufficient coupling to the surface of 

the medium being measured. To accomplish sufficient coupling, the plates were drilled and 

tapped to create a threaded hole. This allowed the force sensor to be attached to one side 

of the impact plate using a mounting thread (Figure 3-18). Impact were performed on the 

opposite side of the plate.  

After the force sensor was installed, the base plate was placed on the surface of a 

soil model (Figure 3-18). The soil model was constructed in a 0.61 m x 0.46 m (2 ft x 1.5 

ft) plastic container filled with 1 ft of sand. The sand was a general-purpose silica sand 

with a uniform particle size distribution. The density of the sand in its loose state is about 

1600 kg/m3 and can be as large as 1900 kg/m3 when heavily compacted. The sand was 

poured from a height of 15.0 cm (6 in) into the container in 5.0 cm layers. Each layer was 

then compacted by placing a 15.0 cm x 15.0 cm x 2.5 cm PE plate across the entire surface 

and light impacts (10) of a mallet to assure that the soil was sufficiently dense so the 

hammer impacts did not lodge the base plate beneath the surface of the model. The base 

plate and attached sensor were adjusted periodically to ensure that the sensor-plate system 

was level on the sand.  
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Since this laboratory test was devised to isolate the effects of the base plates, it was 

crucial to maintain consistency with the hammer impacts. The performance of a manual 

hammer is dependent on the physics of the person performing the impact. Impacts from 

the same person can vary in consistency. For this reason, a standard Proctor compaction 

hammer, which is employed in laboratory soil compaction testing, was used to introduce 

the most consistent amount of energy with every impact. The standard Proctor hammer 

weight was 5.5 lb and it was dropped consistently from a height of 0.30 cm. A sampling 

rate of 50 kHz was used to produce data that were 0.5 s in duration. A triggering threshold 

of 0.03 V was set as the time-zero of each impact, and 5000 pre-trigger samples (0.1 s) 

were also recorded. No data stacking was applied to the data at the time of collection and 

each impact was saved as a separate file. Averaging the impacts was carried out later.   

Figure 3-19 shows the average normal stresses of 10 impacts from the Proctor 

hammer on the Al and PE plates. These results were obtained along the soil-plate interface 

and when the plate is compressed against the sensor. The results show that the softer plate 

yielded longer impact duration at a lower peak amplitude. The softer plate reduced the peak 

amplitude by 19.6%. With respect to the impact duration, although it is evident by visual 

inspection that the softer plate has prolonged the impact duration, the quantification of 

duration can be subjective depending on the cut-off of the falling tail of the impulse. 

Therefore, the rise-time, the duration of the rising side of the impulse, was used to quantify 

the changes. The rise-time of the impact on the softer plate is 3.5 times that of the impact 

on the Al plate (0.04 ms versus 0.14 ms). Also evident on this figure is a secondary spike 

on both records especially on the Al curve. This second impact is because following the 
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original impact, the hammer rebounds off the plate which eventually causes a secondary 

impact.     

The results in Figure 3-19 were used to calibrate finite element numerical models 

described in subsequent sections. These numerical models were developed to simulate 

impacts from multiple base plate materials on surficial soils with different stiffness. 

Numerical measurements of the input signal were then propagated through a series of soil 

domains. This allowed additional base plate materials to be investigated numerically and 

compared to the performance witnessed in the field study. The goal of these efforts was to 

identify optimal base plate configurations and any trends that arise based on soil conditions. 

3.3.2 Numerical Efforts to Quantify Base Plate Effects 

The numerical simulation of impact and subsequent wave propagation in the soil 

was carried out in two stages. First, the dynamics of the impact was simulated in a zoomed-

in model using the commercial finite element software ABAQUS. This testing was 

performed to derive the input stress impulse generated by the impact on the base plate. This 

stress history was subsequently imposed on the surface of a soil model to simulate wave 

propagation. Multiple soil domains were modeled for this step using the spectral element 

wave propagation software SPECFEM2D.  

3.3.2.1 Numerical Modeling of Base Plate Impacts Using ABAQUS  

ABAQUS is a software suite for finite element analysis that has been widely used 

in different engineering disciplines. It is capable of modeling static as well as dynamic 

problems. For this study, a small hammer-plate-soil domain was modeled in the 

ABAQUS/Explicit module. ABAQUS/Explicit is best suited to simulate brief transient 

dynamic events such as impacts. The goal was to mimic the laboratory experiment from 
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section using a numerical framework. Once the numerical modeling results were calibrated 

against the laboratory experimental results, simulations were performed using different 

base plate materials on top of soils of different stiffness. This would generate a suite of 

input signals for use in subsequent wave propagation models. 

3.3.2.2 Modeling Impact from Laboratory Experiments 

Figure 3-20(a) shows the axisymmetric model simulating the laboratory experiment 

described in section 3.3.1. The domain size is 0.45 m in the horizontal direction and 0.25 

m in the vertical direction. Mesh generation was performed using the built-in algorithm 

within ABAQUS/Explict. The coarseness of the mesh varied throughout the domain. A 

few points should be discussed about the mesh. First, areas closer to the impact location 

contained a finer mesh (as small as 2 mm) with more elements to capture the stress behavior 

more accurately. Second, the stiffness of the hammer represented by the modulus of 

elasticity is several times greater than that of the base plate. For an aluminum plate the ratio 

of stiffnesses is about three to one, and for plastic-type materials the ratio is greater than 

ten to one. Therefore, the “solid” part in the model, here the hammer, can have a coarser 

mesh. Moreover, although simulation is dynamic, the strain levels experienced by the 

materials are very small when compared to a crash-type dynamic simulation where 

elements distort extensively and may require the use of adaptive mesh techniques. So, a 

fine mesh for the entire domain in not necessary as long as the area of impact is finely 

discretized. Finally, the results of the same problem with different mesh sizes demonstrated 

that a finer mesh in the area of contact yields a smoother stress history and a coarser mesh, 

as expected, makes the stress history in the elements of interest rougher though it does not 

change the amplitude of stresses profoundly. In addition, a simple mesh convergence 
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investigation was carried out later to ensure that the used mesh size is suitable for the 

problem.     

There were two main boundary conditions applied to the model domain: (1) nodes 

located along outer vertical boundaries were free to displace vertically; (2) nodes at the 

bottom of the domain were constrained against displacements in any direction. The impact 

velocity of the hammer source was 1.9 m/s based on Newtonian free-fall under gravity. 

This velocity was applied to the hammer as an initial condition. 

The nature of the contact between the hammer and base plate as well as the base 

plate and underlying soil had to be defined. Each contact was comprised of a “master” and 

a “slave” surface. The master surface is typically associated with the stiffer material and 

the slave surface is that of the softer material. A “hard” contact relationship was assigned 

to each contact surface. This minimizes the penetration of the slave surface into the master 

surface at the constraint locations and does not allow the transfer of tensile stress across 

the interface. The tangential behavior for both interaction surfaces was also set to be 

frictionless. Finally, separation between the materials was allowed following the impact.   

The base plates in the model were assigned properties equivalent to the Al and PE 

materials used in the laboratory testing (Table 3-13). The same base plate cross sections 

and thicknesses were also used. This ensured compatibility between the numerical 

modeling and laboratory testing. 

Soil properties for the model domain were estimated from prior P- and S-wave 

testing performed on cylindrical samples. The modulus of elasticity, Poisson’s ratio, and 

density of the soil was 40 MPa, 0.25, and 1800 kg/m3, respectively. An elastic-perfectly 



76 

 

plastic Mohr-Coulomb failure criterion (i.e., bilinear behavior) was also assigned to the 

soil. Rayleigh damping was used to prevent multiple impacts during each event. In 

Rayleigh damping, the damping matrix [C] is derived from a combination of the mass [M] 

and stiffness matrix [K]: 

[𝐶] = 𝛼[𝑀] + 𝛽[𝐾] (3-4) 

where α and β are Rayleigh damping coefficients associated with the mass and stiffness 

matrices. The damping matrix is assumed to be stiffness proportional in many geotechnical 

applications (e.g., Hashash and Park 2002; Park and Hashash 2003). This means that the 

effects of the mass matrix on damping are neglected. A β coefficient of 0.002 was assigned 

to the entire soil domain except for the about the 3 mm below the plate [plotted as a thin 

red layer on Figure 3-20(a)]. In this thin region, a reduced β coefficient (0.0002) was used 

to generate stress histories with impulses that avoid extended decaying tails. 

Simulations of the 5.5 lb standard Proctor hammer were performed after the domain 

was defined. This included both the Al and PE base plates with soil properties similar to 

the laboratory testing. Time histories of vertical stress were then extracted to examine the 

effects of base plate on input signal. The vertical stresses were obtained for elements that 

coincided with the ICP force sensor contact area at the bottom of the base plate. This ring-

shaped cross section has an outer diameter of 3.25 cm and an inner diameter of 1.27 cm. 

Figure 3-21 shows the numerical modeling results for both base plates. Also 

included in Figure 3-21 are the stress time histories acquired from the laboratory 

experiments described in section 3.3.1. The numerical results have been time-shifted to 

match the trigger time observed in the laboratory. The laboratory and numerical results 

agree reasonably well. The peak stresses for the Al laboratory and numerical results were 
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within 2.6% of each other. This difference was slightly higher (4.2%) for the case of the 

PE base plate. There was slightly more inconsistency in the impact duration. This is 

particularly the case for the Al base plate where the laboratory results contained evidence 

of another impact resulting from rebound of the standard Proctor hammer. However, the 

trends between the Al and PE base plates were consistent for both the laboratory and 

numerical results. In both cases, the Al base plate exhibited a slightly shorter main impact 

duration (when the rebound impact is zero tapered) and larger amplitude. 

Figure 3-22 shows the average vertical stress response from elements located at top 

of the soil. These elements were located directly below the base plate elements for the 

stresses presented in Figure 3-21. The results show that the soil beneath the PE base plate 

experienced larger stresses than the soil beneath the Al base plate. This was the case despite 

observing larger stresses were in the Al base plate. This could be explained by noting that 

the softer PE base plate imposed stresses on the underlying soil for a longer period of time. 

This meant that impacts to the PE base plate resulted in more overall strain. Assuming 

linear soil behavior, an increase in applied strain leads to larger stresses imposed on the 

soil. The patterns observed for the impact duration were similar between the elements 

representing the base plate and underlying soil. In both cases, the impact duration from the 

softer PE base plate was longer.   

As stated earlier, a simple mesh convergence investigation was carried out with 

different mesh sizes on the plate and along the axis of impact. The purpose of a 

convergence study is to find the mesh size threshold beyond which the results stabilize. 

Mesh sizes that were used for this purpose were approximately 0.5 mm, 1 mm, 2 mm 

(reference mesh size), 4 mm, and 8 mm. Figure 3-23 shows the maximum vertical stress at 
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the bottom of the plate from grids of different sizes. As expected, the results converge as 

the mesh becomes finer. However, except for the 8 mm mesh size, which is obviously a 

very coarse mesh for this problem, the results from the remaining mesh sizes fluctuated 

within a narrow range. A mesh of approximately 2 mm was used in the area of impact and 

along its vertical axis for all the simulations of this study.     

3.3.2.3 Effects of Viscoelasticity 

 One issue that was considered during the simulations was the effects of 

viscoelasticity for materials like plastic that exhibit such behavior. The Prony series 

formulation available in ABAQUS was used to implement viscoelastic behavior for the PE 

base plate and impacts from both the 5.5 lb standard proctor hammer and a 20 lb hammer. 

Three additional parameters were therefore introduced: (1) K_i; (2) G_i; and (3) tau_i 

(symbols are listed as shown in ABAQUS). These parameters are functions of bulk 

modulus (K), shear modulus (G), and relaxation time (τ) of the material and are obtained 

by performing a relaxation test. In a relaxation test, a constant strain is applied to the 

material and changes in stress levels are monitored with time. Typically, the stresses under 

a sustained strain decrease with time in viscoelastic materials. The “relaxation time” is the 

time needed for the stress level to fall to 1/e of its initial value, where e represents the base 

of the natural logarithm. Several relaxation tests have been performed on plastic materials. 

The reference parameters available in Dusunceli and Colak (2007) have been assigned to 

the PE base plate.   

Figure 3-24 plots the simulation results for stresses at the bottom of the PE base 

plate with and without viscoelastic behavior implemented. The viscoelasticity had minimal 

influence on the overall response of the PE base plate comparing to the elastic properties 
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of the plate, which subsequently translates into negligible changes in the vertical stresses 

experienced by the soil. This was true even when a larger hammer impact was introduced. 

Therefore, the key characteristic associated with why a plastic base plate increases the soil 

input signal is not viscoelasticity. As it will be discussed later, instead, it is the stiffness of 

the base plate material that plays a more pronounced role. Stiffness, in this context, is 

primarily characterized by the material modulus of elasticity.  

3.3.2.4 Parametric Study of Different Base Plate and Soil Systems 

The initial simulation results allowed the numerical model to be calibrated against 

real data from the laboratory. Consequently, additional simulations were performed with 

multiple base plate and soil conditions with confidence in the effectiveness of the numerical 

model. The goal of this parametric study was to investigate how the soil response is affected 

by differences in the stiffness contrast between base plate and underlying soil conditions. 

This would elucidate issues related to selection of an optimal base plate configuration for 

field seismic testing. Four additional material were modeled as base plates: Rubber, Low 

Density Polyethylene (LDPE), Polyvinyl chloride (PVC), and Steel (St). All base plates 

were assumed to be the same thickness (2.54 cm) and dimensions. Four different soil Vs 

(50, 100, 200, and 500 m/s) were also utilized to simulate soils of different stiffness (i.e., 

very soft, soft, medium, stiff). These Vs values correspond to elastic moduli of 10 MPa, 40 

MPa, 160 MPa, and 1000 MPa, respectively. Table 3-13 summarizes the properties 

selected for each of the aforementioned materials. Given previous discussions regarding 

Figure 3-24, viscoelasticity of the materials was not implemented in the parametric study.  

Since the ultimate goal of these efforts was to mimic a field MASW survey, the 

mass and impact velocity of the hammer were increased to simulate impacts from a 20 lb 
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hammer. To determine the velocity at the moment of impact, multiple impacts with a 20 lb 

hammer were performed in front of a scaled grid and a camera set to record at a slow-

motion setting (Figure 3-25). The results demonstrated that the velocity of a 20 lb hammer 

manual impact can range from about 10 m/s to a maximum of about 11 m/s. The lower 

limit was used throughout the parametric study.    

Figure 3-26 presents the results from the parametric study with the six different 

base plate and three soil stiffness combinations. Figure 3-26 plots the average normal force 

recorded in the elements corresponding to the soil underlying each of the base plates. This 

information is presented for each base plate type as a function of the underlying soil 

stiffness. Apparent in the results is a consistency in the order of the base plate performance 

no matter what the stiffness of the underlying soil. That is, the softer materials such as 

rubber, LDPE, and PE consistently yielded the higher peak stresses in the underlying soil. 

Among the plastic-type materials, PE is the superior plate as far as the peak amplitude is 

concerned. However, as will be discussed in the next section, the larger peak response in 

the PE does not necessarily translate into larger power in their frequency content. Steel and 

aluminum on the other hand resulted in the lowest peak stresses in the soil. The decrease 

in soil peak stress for stiff, metallic base plates such as St and Al versus rubber/plastic 

materials was as much as 42.0%. The difference in peak stress between the lowest base 

plate (typically steel) and the highest (typically PE) was relatively consistent despite 

significant changes in the underlying soil stiffness. This highlights that selection of an 

optimal base plate configuration is relatively independent of the anticipated surficial soil 

layer stiffness. Finally, for each plate, the peak response in soil stiffness varied almost 

linearly with Vs of the soil.  
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3.3.2.5 Wave Propagation Using SPECFEM2D  

After all the ABAQUS simulations were performed to establish the input signal 

variation caused by the base plates, wave propagation was then numerically modeled for 

typical field conditions. The underlying soil response from each ABAQUS simulation was 

exported and used as the input force function at the top of a field-scale soil domain. The 

objective was to numerically investigate how the difference in input signal observed in 

previous modeling affected the signals recorded in the field. 

The research community code SPECFEM2D (Tromp et al. 2008) was used to model 

wave propagation throughout the soil domain. The code is based on the Spectral Element 

Method (SEM). Wave propagation in SEM is based on the weak formulation (integral 

form) of the fundamental equations of motions. SEM relies on higher-degree piecewise 

polynomials as the basis function, which leads to some advantages relative to traditional 

FEM. The interpolation implemented in SEM creates a diagonal mass matrix. This 

eliminates the need to solve a large linear system of equations, which makes the SEM 

algorithm very efficient for implementation on parallel machines [see Chapter 7 in Igel 

(2017) for more details]. 

For simplicity, initial soil models in SPECFEM2D consisted of homogeneous 

profiles with properties identical to those used in the small-scale ABAQUS impact models. 

In each case, the SPECFEM2D model was 45.0 m long and 20.0 m deep and a fine mesh 

size of 0.06 m x 0.06 m was used to spatially discretize the domain. During forward 

modeling, the top surface was specified as a stress-free boundary condition to mimic the 

ground surface. Stacey absorbing boundaries were implemented on the vertical and bottom 

horizontal boundaries to prevent undesired wave reflections. Similar to a real MASW 
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survey, surface waveforms were recorded with 24 receivers along the ground surface at a 

1.5 m interval (Figure 3-27). A marching step (dt) of 10-5 s, controlled by the Courant–

Friedrichs–Lewy condition (CFL ratio) was selected to safeguard the computations against 

Courant instability. The seismic source in each case was a user-defined force function that 

was extracted from the top soil elements in the small-scale ABAQUS impact models. This 

source was located on the ground surface and introduced at an offset of 9.0 m (6dx where 

dx is the receiver spacing) from the first receiver on one end of the receiver spread. Figure 

3-27 shows a snapshot of the wave propagation captured at t = 0.04 s at one of the uniform 

soil sites. Each forward analysis took about 6 hours to be completed on a laptop (ASUS 

n55sf, Intel® Core™ i7 2670QM/2630QM Processor).  

Following the analysis, the receiver data were compiled and processed for their 

frequency content. Although the mesh size used in the modeling was quite fine, the 

waveforms still contained artificially-produced high-frequency components caused by grid 

dispersion. The reason behind the high-frequency components is that the force function 

inputs (Figure 3-26) inherently contain significant high frequency content. For further 

discussion, the force functions from Figure 3-26(c) will be processed here. The force 

functions in general resemble the shape of a Gaussian function (Figure 3-28 and Equation 

3-5): 

𝐺(𝑡) =
𝛼

√𝜋𝜏
𝑒−(

𝛼𝑡
𝜏

)
2

 
(3-5) 

where τ is the half duration, and α is a constant that is used to adjust the peak. 

Mathematically, the Fourier transform of a Gaussian function is another Gaussian function 
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that is symmetric with respect to the y-axis and the contribution of components decreases 

with frequency (Figure 3-28 and Equation 3-6): 

𝐺(𝑓) = 𝑒
−

𝜋2𝑓2𝜏2

𝛼2  
(3-6) 

Figure 3-29 plots the normalized power of the force function from Figure 3-26(c). As can 

be observed on this figure, the frequency content of the input signals exhibits the same 

pattern as the frequency content of a Gaussian function. Also, note that the amplitude of 

the power from Rubber is the highest in the range below 100 Hz despite exhibiting a lower 

peak force amplitude on Figure 3-26(c).  

Given the aforementioned discussion, it has been concluded that the high-frequency 

components of the input force are beyond the computational capabilities of the grid. 

Refining the mesh by a few orders of magnitude would resolve this issue, but that makes 

the analysis impractical as it exponentially increases the running time from the original 6 

hours. Therefore, a bandpass filter (BPF) with a frequency window of 4.5-100 Hz was 

applied to the waveforms to only focus on the frequency bandwidth that is typically 

considered in field testing. Figure 3-30 presents the average power from the array from the 

three homogeneous models. As expected, different base plates showed consistent patterns 

in their power with the rubber providing the largest amplitude in the frequency range of 

interest and the steel plate being the least.   

In addition to the four homogeneous models, the six profiles from this study were 

also modeled using the MASW inversion results developed from the field waveforms 

(Figure 3-2). The same procedure was followed except that the bandpass filter of 4.5-100 

Hz was applied to the input force function prior to introducing it into the model. This allows 
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the grid size to be larger and consequently, reduces the computational effort exponentially 

(e.g., from approximately 6 hours to less than 1 hour for each job). Figure 3-31 shows the 

normalized average power from different materials. As expected, the base plate material 

has not appreciably changed the frequency content, but it has had a clear effect on the 

power (energy) of the propagating waveforms. 

3.4 Summary 

Overall, the results from the initial field studies demonstrated that the Al/EPDM 

and PE plates generally outperformed the Al plate as they produced 15%-20% larger signal 

amplitudes and transferred more energy into the ground. The PE plate coupled with the 20 

lb hammer increased the energy transfer by about 20% and the Al/EPDM combination 

improved it by 6%. PE and Al/EPDM also improved the overall signal-to-noise ratio by an 

average of 7% and 3%, respectively. As these numbers suggest, the effects of the PE plate 

were often more noticeable than the Al/EPDM plate, particularly when MASW testing was 

performed with a 20 lb sledgehammer. Small changes (<5%) were observed in the 

predominant bandwidth with a shift towards lower-frequency response and only 1% 

broader spectra. The resulting dispersion images were also only marginally affected. In 

fact, fundamental-mode dispersion curves were largely the same in terms of frequency 

content and changes in spectral content tended to excite higher modes. 

The results from laboratory and numerical modeling of impact and wave 

propagation also corroborated the patterns discussed above. The laboratory and numerical 

results suggested that a softer plate material increases the duration of impact depending on 

its elastic properties. The force function of the impact resembles the shape of a Gaussian 

function. Examination of the force functions extracted from simulations of impacts on 
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different plate materials showed that the frequency content of the force function of plastic-

type materials contains larger contributions from frequency components below 100 Hz. 

These effects on the input signal resulted in lager power and energy transfer when 

observing the waveforms acquired from receivers on the surface of uniform models and 

models representing the field sites in this study. 

Given the practical advantages of plastic and rubber materials (e.g., up to 20% less 

impact noise pollution) and their performance in this initial field study, these materials can 

serve as suitable substitutes to conventional metallic base plates in surface wave 

geophysical testing methods. The quantification efforts highlighted in this initial field study 

provide geophysical professionals useful information from which to base decisions 

regarding the use of alternative base plate materials in seismic geophysical surveys.  
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Figure 3-1. Site locations surveyed in the current study (Google Maps). 
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Figure 3-2. Shear wave velocity (VS) profiles for all sites based on a deterministic least-squares inversion 

method 

 

   

(a) (b) (c) 

Figure 3-3. Base plates used in this study: (a) Al (b) Al/EPDM and (c) PE. 
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(a) 

 
(b) 

Figure 3-4. Normalized power spectra of the averaged waveforms from each source offset at DRC (a) 20-lb hammer; 

(b) 8-lb hammer 
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(a) 

 
(b) 

Figure 3-5. Normalized power spectra of the averaged waveforms from each source offset at FEF (a) 20-lb hammer; 

(b) 8-lb hammer 
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(a) 

 
(b) 

Figure 3-6. Normalized power spectra of the averaged waveforms from each source offset at MLK (a) 20-lb 

hammer; (b) 8-lb hammer  
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(a) 

 
(b) 

Figure 3-7. Normalized power spectra of the averaged waveforms from each source offset at PTP (a) 20-lb hammer; 

(b) 8-lb hammer  
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(a) 

 
(b) 

Figure 3-8. Normalized power spectra of the averaged waveforms from each source offset at TA1 (a) 20-lb hammer; 

(b) 8-lb hammer  
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(a) 

 
(b) 

Figure 3-9. Normalized power spectra of the averaged waveforms from each source offset at TTF (a) 20-lb hammer; 

(b) 8-lb hammer  
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(a) -1dx (b) +1dx 

  
(c) -3dx (d) +3dx 

  
(e) -6dx (f) +6dx 

  
(g) -12dx (h) +12dx 

  
(i) -24dx (j) +24dx 

Figure 3-10. Relative energy produced by 20 lb hammer and different plates.  
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(a) -1dx (b) +1dx 

  
(c) -3dx (d) +3dx 

  
(e) -6dx (f) +6dx 

  
(g) -12dx (h) +12dx 

  
(i) -24dx (j) +24dx 

Figure 3-11. Relative energy produced by 8 lb hammer and different plates.  

0.50

0.60

0.70

0.80

0.90

1.00

DRC FEF MLK PTP TA1 TTF

N
o
r
m

a
li

ze
d

 R
e
la

ti
v
e 

E
n

e
r
g
y

Al Al/EPDM PE

0.50

0.60

0.70

0.80

0.90

1.00

DRC FEF MLK TA1 TTF

N
o
r
m

a
li

ze
d

 R
e
la

ti
v
e 

E
n

e
r
g
y

Al Al/EPDM PE

0.50

0.60

0.70

0.80

0.90

1.00

DRC FEF MLK PTP TA1 TTF

N
o
r
m

a
li

ze
d

 R
e
la

ti
v
e 

E
n

e
r
g
y

Al Al/EPDM PE

0.50

0.60

0.70

0.80

0.90

1.00

DRC FEF MLK TA1 TTF

N
o
r
m

a
li

ze
d

 R
e
la

ti
v
e 

E
n

e
r
g
y

Al Al/EPDM PE

0.50

0.60

0.70

0.80

0.90

1.00

DRC FEF MLK PTP TA1 TTF

N
o
r
m

a
li

ze
d

 R
e
la

ti
v

e 

E
n

e
r
g

y

Al Al/EPDM PE

0.50

0.60

0.70

0.80

0.90

1.00

DRC FEF MLK TA1 TTF

N
o
r
m

a
li

ze
d

 R
e
la

ti
v

e 

E
n

e
r
g

y

Al Al/EPDM PE

0.50

0.60

0.70

0.80

0.90

1.00

DRC FEF MLK PTP TA1 TTF

N
o
r
m

a
li

ze
d

 R
e
la

ti
v

e 

E
n

e
r
g

y

Al Al/EPDM PE

0.50

0.60

0.70

0.80

0.90

1.00

DRC FEF MLK TA1 TTF

N
o
r
m

a
li

ze
d

 R
e
la

ti
v

e 

E
n

e
r
g

y

Al Al/EPDM PE

0.50

0.60

0.70

0.80

0.90

1.00

DRC FEF MLK PTP TA1 TTF

N
o
r
m

a
li

ze
d

 R
e
la

ti
v
e 

E
n

e
r
g
y

Al Al/EPDM PE

0.50

0.60

0.70

0.80

0.90

1.00

DRC FEF MLK TA1 TTF

N
o
r
m

a
li

ze
d

 R
e
la

ti
v
e 

E
n

e
r
g
y

Al Al/EPDM PE



96 

 

  
(a) -3dx (b) +3dx 

  
(c) -6dx (d) +6dx 

  
(e) -12dx (f) +12dx 

Figure 3-12. SNR-distance variation of the waveforms from 20 lb hammer at select source offsets at DRC 
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(a) (b) 

  
(c) (d) 

Figure 3-13. Percent change in SNR from all sites and source offsets: (a) 20-lb, Al/EPDM; (c) 8-lb, 

Al/EPDM; (d) 8-lb, PE. 
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(a) 

   

(b) 

   

(c) 

   
Figure 3-14. Overtone images generated using 20 lb sledgehammer impacts at the FEF site: (a) -3dx offset: (b) -6dx offset; and (c) -12dx offset. 

Overtone images in the first, second, and third columns were generated using the Al, Al/EPDM, and PE base plates, respectively.
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(a) 

   

(b) 

   

(c) 

   
Figure 3-15. Comparison of overtone images generated using 20 lb sledgehammer impacts at -6dx offset: (a) DRC; (b) FEF; (c) MLK; (d) PTP; (e) TA1; and (f) 

TTF. The first column represents the overtone image generated using the Al base plate. The subsequent columns highlight the differences between the overtone 

images generated using the EPDM and PE plates relative to the Al plate. 
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(d) 

   

(e) 

   

(f) 

   
Figure 3-15 (cont.). Comparison of overtone images generated using 20 lb sledgehammer impacts at -6dx offset: (a) DRC; (b) FEF; (c) MLK; (d) PTP; (e) TA1; 

and (f) TTF. The first column represents the overtone image generated using the Al base plate. The subsequent columns highlight the differences between the 

overtone images generated using the EPDM and PE plates relative to the Al plate.
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(a) (b) 

  

(c) (d) 

  

(e) (f) 

Figure 3-16. Frequency components present in the fundamental mode dispersion curves generated using the 

20 lb and ±3dx, ±6dx, and ±12dx source offsets: (a) DRC; (b) FEF; (c) MLK; (d) PTP; (e) TA1; (f) TTF. 
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Figure 3-17. Data collection system for impacts 

 

  
(a) (b) 

  
(c) (d) 

Figure 3-18. Lab setup (a) tapped Al plate (b, c) mounted impact sensor on Al and PE plates (d) Al plate 

resting on the soil container.   
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Figure 3-19. Normal stresses acquired from impacts on Al and PE plate in the laboratory setup 
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(a) 

 

(b) 

Figure 3-20. Modeling impact in ABAQUS (a) axisymmetric modeling of the domain; (b) snapshot of vertical 

stresses at t=0.001040 s.    
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Figure 3-21. Comparison of laboratory and numerical modeling results 

 

Figure 3-22. Comparison of soil response beneath Al and PE plates from the numerical modeling 
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Figure 3-23. Convergence of results at the bottom of plate discretized with different mesh sizes  

 

  
(a) (b) 

Figure 3-24. Effects of viscoelasticity on the vertical stress history at the bottom of PE plate: (a) 5.5 Proctor 

hammer; (b) 20-lb hammer  
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Figure 3-25. Slow-motion video recording to capture the impact velocity of a 20 lb hammer 
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(a) (b) 

  
(c) (d) 

Figure 3-26. Soil response from different soil and plate configurations: (a) Vs =50 m/s; (b) Vs =100 m/s; (c) 

Vs =200 m/s; (d) Vs =500 m/s.  
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Figure 3-27. Schematic of domain and numerical modeling setup of MASW 

 

  
(a) (b) 

Figure 3-28. (a) Gaussian source-time function; (b) corresponding spectral amplitude of the source 

(Komatitsch and Tromp 2002) 
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Figure 3-29. Normalized power of the raw force functions from Figure 3-26-c.  
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(a) (b) 

  
(c) (d) 

Figure 3-30. Average power of the receivers from impacts of different plates: (a) Vs =50 m/s; (b) Vs =100 

m/s; (c) Vs =200 m/s; (d) Vs =500 m/s; 
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 3-31. Average power of the receivers from impacts of different plates at site models (a) DRC; (b) 

FEF; (c) MLK; (d) PTP; (e) TA1; and (f) TTF.  
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Table 3-1. Hypothesis testing and percent differences in power spectra relative to the Al plate based on 

impacts from all source offsets. 

   Source Offset 

   -1dx -3dx -6dx -12dx -24dx +1dx +3dx +6dx +12dx +24dx 
2
0
-l

b
 

A
l/

E
P

D
M

 
DRC 18.3 3.9 0.2 3.7 1.7 0.9 1.5 -1.7 -0.7 -3.3 

FEF 19.7 2.1 2.2 4.6 3.3 2.9 5.0 1.4 5.7 0.9 

MLK 2.4 0.5 2.7 2.9 1.8 4.1 -1.5 2.1 3.9 -6.5 

PTP 3.2 1.2 -1.2 2.3 -5.7       

TA1 5.7 15.0 2.1 4.2 3.4 5.8 4.1 5.3 4.1 0.4 

TTF 3.1 2.6 -0.2 0.3 -0.8 3.4 1.7 0.5 5.1 3.1 

2
0
-l

b
 

P
E

 

DRC 24.4 12.8 5.1 6.6 18.6 5.2 5.0 9.9 6.5 11.5 

FEF 26.7 9.3 9.9 10.9 6.8 11.3 9.6 13.8 14.3 7.7 

MLK 6.6 4.0 8.1 10.0 5.9 4.4 3.6 8.4 8.3 3.0 

PTP 10.2 10.4 11.3 4.9 -1.2       

TA1 14.8 21.7 9.0 6.5 6.8 10.7 8.5 14.4 13.2 7.0 

TTF 8.9 9.6 -18.6 6.3 3.6 8.9 7.8 6.9 13.2 7.2 

8
-l

b
 

A
l/

E
P

D
M

 

DRC -0.4 13.3 -3.6 6.5 12.5 -0.4 -0.9 4.3 3.0 2.7 

FEF 6.8 -0.5 4.1 9.8 4.0 -26.3 12.0 -2.3 6.7 0.7 

MLK -1.6 -2.9 0.2 3.5 -1.3 -19.3 4.0 2.1 -6.5 3.0 

PTP 1.5 -5.5 -15.3 -3.5 5.5       

TA1 -21.4 -2.8 0.1 3.5 0.7 -3.6 -1.0 -7.4 5.7 -12.7 

TTF 6.2 2.0 2.9 1.1 3.3 6.4 2.0 6.8 2.4 -1.6 

8
-l

b
 

P
E

 

DRC -1.7 8.1 10.2 -11.0 17.6 4.6 0.2 -2.1 4.8 16.0 

FEF 7.4 0.2 8.4 2.5 0.7 -4.7 4.0 -0.3 -1.9 -0.9 

MLK 2.7 0.9 4.5 4.6 -1.5 -2.3 1.3 -0.1 -0.8 4.1 

PTP 3.8 6.1 -1.5 0.2 0.0       

TA1 2.0 0.3 1.7 0.2 2.2 2.7 1.3 -5.5 0.3 0.2 

TTF 6.9 7.2 7.1 5.0 1.8 4.7 4.6 7.5 4.0 0.8 

 

 Statistically 

Significant 

Increase 

 Statistically 

Significant 

Decrease 

 Statistically 

Insignificant 

Change 
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Table 3-2. Dominant frequencies (Hz) of records acquired with 20 lb hammer strikes on different base 

plates. 

  Al Al/EPDM PE    Al Al/EPDM PE 

D
R

C
 

-1dx N/A N/A N/A  
F

E
F

 

-1dx N/A   34.7 35.2 

-3dx 39.6 39.1 39.1  -3dx 32.2 32.2 32.2 

-6dx 34.7 34.7 35.2  -6dx 27.3 27.3 27.3 

-12dx 33.2 33.2 33.2  -12dx 34.2 34.7 34.2 

-24dx 31.7 30.8 30.8  -24dx 28.8 28.3 28.8 

+1dx 40.5 39.6 39.1  +1dx 56.6 57.1 54.7 

+3dx 40.5 40.0 40.5  +3dx 33.7 33.7 33.7 

+6dx 27.3 26.9 27.3  +6dx 40.5 40.0 40.5 

+12dx 30.8 30.3 30.3  +12dx 46.4 45.9 46.9 

+24dx 24.4 24.4 24.9  +24dx 29.3 29.8 30.3 

M
L

K
 

-1dx 43.9 45.9 43.9  
P

T
P

 

-1dx N/A   N/A N/A 

-3dx 40.0 39.6 39.1  -3dx N/A N/A N/A 

-6dx 40.5 39.1 38.1  -6dx N/A N/A N/A 

-12dx 41.5 41.5 41.5  -12dx 7.8 7.3 7.3 

-24dx 36.6 36.6 36.6  -24dx 12.2 6.3 6.8 

+1dx 47.4 45.9 45.4  +1dx N/A N/A N/A 

+3dx 52.2 51.8 48.8  +3dx N/A N/A N/A 

+6dx 48.3 47.4 47.4  +6dx N/A N/A N/A 

+12dx 46.4 45.9 45.9  +12dx N/A N/A N/A 

+24dx 44.4 43.9 43.9  +24dx N/A N/A N/A 

T
A

1
 

-1dx 41.0 41.0 41.0  
T

T
F

 

-1dx 32.7   33.7 33.2 

-3dx 48.8 48.8 48.3  -3dx 37.1 36.6 36.6 

-6dx 44.4 43.9 43.9  -6dx 40.5 40.0 41.0 

-12dx 43.9 43.9 43.5  -12dx 36.1 36.1 36.1 

-24dx 23.9 43.9 23.9  -24dx 40.0 40.0 32.7 

+1dx 47.9 47.9 47.4  +1dx 44.4 34.2 33.7 

+3dx 45.4 45.9 45.4  +3dx 28.8 28.3 28.3 

+6dx 44.4 44.4 43.5  +6dx 37.6 38.6 37.6 

+12dx 45.9 45.4 46.4  +12dx 44.4 41.0 40.5 

+24dx 29.8 29.8 29.8  +24dx 26.9 27.3 27.3 
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Table 3-3. Percent differences in energy transfer relative to the Al plate based on impacts from all source 

offsets. 

   Source Offset 

   -1dx -3dx -6dx -12dx -24dx +1dx +3dx +6dx +12dx +24dx 
2
0
-l

b
 

A
l/

E
P

D
M

 
DRC 48.2 8.4 0.5 14.4 5.2 1.9 3.3 -4.5 -1.7 -9.4 

FEF 40.7 3.4 4.1 9.8 9.4 5.0 7.4 2.3 10.3 2.3 

MLK 6.1 1.5 7.5 8.8 6.9 9.2 -3.2 5.5 10.8 -16.1 

PTP 8.1 2.3 -2.5 10.9 -32.9       

TA1 10.5 40.7 4.7 9.5 8.4 10.9 7.3 18.0 11.3 1.2 

TTF 5.6 5.8 -0.4 0.6 -2.4 5.9 3.0 1.0 14.5 9.7 

2
0
-l

b
 

P
E

 

DRC 64.2 27.2 13.5 25.4 57.3 11.5 11.1 25.6 16.0 32.3 

FEF 55.3 14.9 17.9 23.3 19.3 19.5 14.4 23.4 25.7 20.0 

MLK 17.2 11.2 22.7 30.4 22.4 10.0 7.5 22.3 22.8 7.5 

PTP 26.0 20.2 22.3 23.1 -7.2       

TA1 27.2 59.0 19.8 14.4 16.7 19.9 15.3 48.7 36.3 19.4 

TTF 16.2 21.2 -35.9 15.5 10.4 15.4 13.6 14.5 37.9 22.5 

8
-l

b
 

A
l/

E
P

D
M

 

DRC -0.6 29.1 -13.1 21.6 43.1 -0.8 -1.8 9.5 6.6 7.9 

FEF 10.0 -0.7 7.0 20.1 9.1 -42.1 22.2 -3.0 10.0 1.4 

MLK -3.5 -6.8 0.5 9.1 -4.0 -34.8 9.4 4.5 -13.5 7.4 

PTP 3.7 -14.4 -28.2 -17.2 73.5       

TA1 -33.0 -4.9 0.1 7.3 1.6 -5.7 -1.6 -16.7 12.5 -33.1 

TTF 11.3 4.3 7.6 2.7 9.5 10.4 3.3 14.1 5.2 -4.1 

8
-l

b
 

P
E

 

DRC -2.6 17.8 36.9 -36.3 60.9 9.4 0.4 -4.5 10.5 45.9 

FEF 10.9 0.3 14.6 5.1 1.5 -7.5 7.3 -0.4 -2.9 -1.9 

MLK 5.8 2.0 12.0 12.0 -4.7 -4.2 3.0 -0.1 -1.6 10.0 

PTP 9.0 15.9 -2.8 0.7 0.0       

TA1 3.0 0.5 3.3 0.5 4.7 4.2 2.1 -12.4 0.6 0.4 

TTF 12.5 15.1 18.3 12.5 5.2 7.7 7.8 15.5 8.5 2.0 

 Rel. Diff. ≥ 10%  0 ≤ Rel. Diff. < 10%  Rel. Diff.<0% 
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Table 3-4. Percent differences in shape factor (δ) relative to the Al plate based on impacts from all source 

offsets. 

   Source Offset 

   -1dx -3dx -6dx -12dx -24dx +1dx +3dx +6dx +12dx +24dx 
2
0
-l

b
 

A
l/

E
P

D
M

 DRC 0.0 1.0 -0.1 1.1 0.1 2.6 2.4 1.1 0.1 -3.8 

FEF 1.0 0.1 -0.7 -0.3 0.2 -0.2 -0.9 -1.0 -0.6 -1.2 

MLK 2.1 1.0 3.3 0.9 -0.4 -0.1 1.6 1.0 1.3 2.2 

TA1 -1.1 0.6 2.0 0.1 2.2 -0.8 1.1 -0.7 -0.3 -0.3 

TTF 0.3 1.6 0.1 -1.6 -2.1 2.2 0.2 1.2 -0.7 1.1 

2
0
-l

b
 

P
E

 

DRC 0.2 2.1 -0.1 -0.8 -1.0 5.7 2.5 0.4 -0.1 -4.1 

FEF 0.5 -0.7 -0.7 -0.6 0.5 0.4 -1.6 -2.5 -2.3 -2.6 

MLK 4.1 6.5 7.9 4.5 -0.7 2.2 3.4 2.9 0.2 -3.6 

TA1 -2.6 1.0 1.8 0.9 3.5 -1.2 2.0 -2.8 -2.8 0.6 

TTF 0.7 1.2 -3.6 -2.2 -1.3 2.5 1.3 3.5 -2.3 -1.1 

8
-l

b
 

A
l/

E
P

D
M

 DRC -1.2 4.1 -1.0 -0.2 -4.3 3.2 0.5 -2.0 -1.6 -4.2 

FEF -2.1 -0.2 -1.3 -1.3 -1.4 12.1 -1.4 0.7 0.9 0.9 

MLK -0.2 -2.6 -1.0 0.9 -2.4 9.8 0.2 2.9 3.1 3.5 

TA1 8.5 -1.0 -0.6 0.4 -0.4 2.3 -2.0 1.4 -1.7 11.2 

TTF 0.6 -1.5 0.2 -0.6 -1.1 1.2 1.2 2.9 0.7 3.1 

8
-l

b
 

P
E

 

DRC 3.2 5.3 -0.1 7.6 3.6 3.7 1.3 1.0 2.5 6.6 

FEF -0.6 0.1 -2.1 -0.7 0.5 -0.7 -0.5 1.6 0.8 0.4 

MLK 2.0 -0.5 0.8 2.0 1.8 3.8 0.2 -0.8 0.1 -0.9 

TA1 -0.2 -0.5 -1.1 0.4 -0.3 -3.1 -2.9 2.4 0.6 -4.8 

  TTF 1.5 1.1 0.8 -1.1 -0.9 0.1 0.5 3.0 -0.4 -0.5 

 Rel. Diff. ≥ 1%  0 ≤ Rel. Diff. < 1%  Rel. Diff.<0% 
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Table 3-5. Percent differences in lowest power spectra frequency relative to the Al plate based on impacts 

from all source offsets. 

   Source Offset 

   -1dx -3dx -6dx -12dx -24dx +1dx +3dx +6dx +12dx +24dx 
2
0
-l

b
 

A
l/

E
P

D
M

 DRC -16.7 -11.1 13.6 4.4 -11.1 0.0 0.0 5.9 -23.8 3.9 

FEF -11.1 0.0 0.0 0.0 -4.3 -14.3 0.0 -4.8 0.0 -5.3 

MLK -11.1 -5.6 -19.2 4.8 5.0 -22.2 9.1 7.4 -9.1 5.6 

TA1 0.0 -10.0 -3.4 15.8 -20.0 0.0 5.3 -7.4 -4.8 0.0 

TTF 0.0 0.0 -10.3 17.4 -4.8 0.0 0.0 -4.8 5.9 -8.3 

2
0
-l

b
 

P
E

 

DRC -16.7 -22.2 4.5 5.6 -11.1 0.0 -11.1 0.0 -4.8 -20.0 

FEF -11.1 0.0 -4.8 0.0 -4.3 -14.3 0.0 0.0 5.0 5.3 

MLK -11.1 -16.7 -23.1 0.0 5.0 -33.3 0.0 -11.1 -9.1 5.6 

TA1 0.0 -20.0 -10.3 15.8 -20.0 0.0 -42.1 -7.4 0.0 20.0 

TTF 0.0 10.0 -3.4 -8.7 -4.8 -14.3 -11.1 -33.3 0.0 0.0 

8
-l

b
 

A
l/

E
P

D
M

 DRC 0.0 0.0 4.0 -25.0 12.5 0.0 11.1 28.6 13.3 0.0 

FEF 0.0 0.0 10.5 10.0 5.9 16.7 -15.4 -11.8 -5.6 -12.5 

MLK 0.0 0.0 12.5 -5.0 0.0 0.0 -25.0 -9.1 0.0 0.0 

TA1 0.0 35.2 -3.6 0.0 12.5 -10.0 26.3 3.9 0.0 22.2 

TTF 0.0 -45.5 16.0 14.3 6.3 16.7 0.0 5.0 30.8 -9.1 

8
-l

b
 

P
E

 

DRC 0.0 12.5 -8.0 0.0 -12.5 0.0 0.0 21.4 -33.3 -30.0 

FEF 0.0 0.0 0.0 10.0 5.9 16.7 -7.7 -23.5 -5.6 -12.5 

MLK -20.0 -10.0 -4.2 -10.0 -5.6 -12.5 -18.8 27.3 5.9 -13.3 

TA1 -14.3 -7.5 -3.6 -9.5 37.5 0.0 26.3 0.0 0.0 33.3 

  TTF 0.0 -50.0 0.0 19.0 12.5 0.0 -10.0 5.0 30.8 9.1 

 Rel. Diff.<0%  Rel. Diff.=0%  Rel. Diff.>0% 
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Table 3-6. Percent differences in highest power spectra frequency relative to the Al plate based on impacts 

from all source offsets. 

   Source Offset 

   -1dx -3dx -6dx -12dx -24dx +1dx +3dx +6dx +12dx +24dx 
2
0
-l

b
 

A
l/

E
P

D
M

 DRC 1.0 1.1 0.6 1.2 1.6 0.5 0.0 0.0 0.6 -3.9 

FEF 3.2 -1.0 0.0 0.0 0.6 1.6 -0.5 -0.5 0.5 -0.6 

MLK 0.0 -0.6 1.1 3.6 0.6 0.5 0.5 0.6 0.6 -2.4 

TA1 0.5 3.2 0.0 0.0 0.5 0.0 0.6 1.1 1.7 0.0 

TTF 0.5 0.0 -0.6 -0.6 -5.7 0.5 0.0 0.0 0.6 1.8 

2
0
-l

b
 

P
E

 

DRC 1.0 1.6 1.8 3.5 1.1 0.5 0.5 2.2 4.0 -2.8 

FEF 4.8 -1.0 0.0 1.1 1.7 3.2 -1.6 0.0 3.3 0.0 

MLK 1.1 2.8 4.6 7.2 2.6 1.1 1.6 1.7 1.1 1.2 

TA1 0.0 4.3 1.0 1.1 0.5 1.1 3.3 4.0 3.9 2.3 

TTF 0.5 0.0 -3.4 0.0 -4.0 1.5 2.1 2.2 3.5 1.2 

8
-l

b
 

A
l/

E
P

D
M

 DRC -0.5 0.0 -4.8 -1.1 1.7 0.5 -0.5 0.0 0.0 5.1 

FEF 0.0 0.0 1.0 0.5 0.0 -3.1 0.5 -1.0 -0.5 0.0 

MLK -1.1 -4.6 -0.6 1.2 -0.6 -2.1 1.6 0.0 0.0 1.8 

TA1 0.0 -1.0 -0.5 0.0 0.0 -1.6 -0.5 -2.2 0.5 0.6 

TTF 0.0 0.0 0.6 0.0 0.6 0.5 0.0 1.6 0.0 -0.6 

8
-l

b
 

P
E

 

DRC -1.0 0.0 3.0 1.1 5.1 1.0 0.0 -1.1 1.1 4.0 

FEF 0.5 -0.5 1.0 0.0 1.1 -0.5 1.0 -0.5 -0.5 -1.1 

MLK 0.0 -4.7 2.2 2.3 0.0 0.0 1.1 0.5 0.0 1.8 

TA1 1.0 -0.5 -0.5 0.0 0.0 1.1 -0.5 -2.2 -0.5 -2.8 

  TTF 0.0 1.1 0.6 0.6 0.6 0.0 0.5 1.1 0.0 -1.2 

 Rel. Diff.>0%  Rel. Diff.=0%  Rel. Diff<0% 
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Table 3-7. Relative differences in SNR (%) averaged over all channels relative to the Al plate based on 

impacts from all source offsets. 

  20-lb 8-lb 

  DRC FEF MLK PTP TA1 TTF DRC FEF MLK PTP TA1 TTF 

Al/EPDM -3dx 2.3 0.5 0.6 9.2 9.2 1.7 6.4 -0.7 -2.0 -25.7 -2.3 1.4 

Al/EPDM +3dx 0.6 1.3 -0.6 N/A 1.0 1.5 -0.5 5.9 2.4 0.0 -1.1 0.5 

Al/EPDM -6dx 0.2 1.0 1.9 0.6 2.6 0.8 -3.5 2.6 0.3 -35.4 -1.6 2.4 

Al/EPDM +6dx 0.0 0.3 1.6 N/A 4.1 1.6 3.3 -1.9 1.8 0.0 -4.9 3.6 

Al/EPDM -12dx 5.7 2.4 2.7 -0.7 2.9 2.3 6.1 4.3 3.3 -31.3 3.2 1.5 

Al/EPDM +12dx 0.3 2.8 3.5 N/A 4.1 7.7 4.2 2.6 -4.8 0.0 4.7 1.7 

PE -3dx 6.7 2.9 2.4 14.6 13.2 4.7 3.5 -0.2 0.0 25.6 -0.1 3.6 

PE +3dx 2.7 2.6 2.0 N/A 3.5 5.1 -0.7 2.7 0.7 0.0 -0.9 2.6 

PE -6dx 3.5 3.9 5.4 15.2 5.5 -9.1 15.8 4.9 3.3 6.5 -1.4 5.2 

PE +6dx 8.3 5.5 5.6 N/A 10.6 6.6 -0.1 -0.7 0.1 0.0 -3.8 4.7 

PE -12dx 10.2 4.6 8.3 29.5 4.5 6.1 -38.9 1.2 4.1 50.8 0.1 4.4 

PE +12dx 5.3 6.9 7.7 N/A 10.9 13.3 4.0 -1.0 -0.1 0.0 0.1 3.1 

 

Table 3-8. Minimum frequency (Hz) identified on overtone images based on impact from the 20 lb 

hammer. 

  Al Al/EPDM PE    Al Al/EPDM PE 

D
R

C
 

-3dx 12.5 12.5 10.5  

P
T

P
 

-3dx 6.5 7.5 7.0 

-6dx 16.0 15.0 14.0  -6dx 6.5 7.5 6.5 

-12dx 15.0 10.0 10.0  -12dx 9.5 8.5 7.5 

+3dx 10.0 10.5 10.5  +3dx N/A N/A N/A 

+6dx 11.0 12.0 11.0  +6dx N/A N/A N/A 

+12dx 14.0 12.0 9.5  +12dx N/A N/A N/A 

F
E

F
 

-3dx 12.5 12.5 12.5  

T
A

1
 

-3dx 17.5 16.0 17.5 

-6dx 11.5 12.5 12.0  -6dx 16.0 19.0 18.5 

-12dx 12.5 12.5 12.5  -12dx 16.0 15.0 18.0 

+3dx 12.5 11.5 12.0  +3dx 12.5 13.0 14.0 

+6dx 13.0 12.5 14.0  +6dx 12.0 13.0 13.0 

+12dx 15.0 15.0 12.5  +12dx 11.5 12.5 12.5 

M
L

K
 

-3dx 16.0 15.5 15.5  

T
T

F
 

-3dx 18.5 19.5 18.5 

-6dx 15.5 15.0 14.0  -6dx 19.0 18.5 17.5 

-12dx 15.5 15.5 15.0  -12dx 19.5 19.5 19.5 

+3dx 15.5 15.5 15.5  +3dx 15.5 15.5 15.0 

+6dx 15.5 16.5 15.5  +6dx 15.5 15.5 15.0 

+12dx 16.0 16.0 15.5  +12dx 18.5 17.5 17.5 
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Table 3-9. Maximum frequency (Hz) identified on overtone images based on impact from the 20 lb 

hammer. 

  Al Al/EPDM PE    Al Al/EPDM PE 

D
R

C
 

-3dx 62.5 63.0 63.5  

P
T

P
 

-3dx 18.5 7.5 18.5 

-6dx 67.5 65.0 66.0  -6dx 14.0 7.5 16.0 

-12dx 50.0 51.0 49.0  -12dx 15.0 8.5 15.0 

+3dx 35.0 35.0 35.0  +3dx N/A N/A N/A 

+6dx 42.0 42.0 41.5  +6dx N/A N/A N/A 

+12dx 60.0 55.0 52.0  +12dx N/A N/A N/A 

F
E

F
 

-3dx 40.0 40.0 38.0  

T
A

1
 

-3dx 52.0 40.0 51.5 

-6dx 37.0 37.5 36.0  -6dx 58.5 45.0 45.0 

-12dx 46.5 48.0 45.5  -12dx N/A N/A N/A 

+3dx 36.0 37.5 36.0  +3dx 15.5 15.5 15.5 

+6dx 41.0 41.5 40.0  +6dx 16.0 16.5 16.5 

+12dx 41.0 30.0 28.5  +12dx 15.5 18.0 17.5 

M
L

K
 

-3dx 19.5 19.0 19.0  

T
T

F
 

-3dx 49.0 49.0 45.0 

-6dx 18.5 19.5 18.5  -6dx 47.0 46.5 45.0 

-12dx 23.5 20.0 20.0  -12dx 38.0 38.0 34.5 

+3dx 28.0 29.5 29.5  +3dx 29.0 29.5 29.0 

+6dx 30.0 29.0 29.0  +6dx 33.0 32.0 33.0 

+12dx 29.5 28.5 28.0  +12dx 41.0 45.5 45.5 

 

Table 3-10. Minimum frequency (Hz) identified on overtone images based on impact from the 8 lb 

hammer. 

  Al Al/EPDM PE    Al Al/EPDM PE 

D
R

C
 

-3dx 14.0 15.5 12.0  

P
T

P
 

-3dx 6.5 6.5 6.5 

-6dx 12.5 12.5 12.5  -6dx 10.0 9.0 9.0 

-12dx 16.0 12.5 14.0  -12dx 9.0 9.0 10.0 

+3dx 10.5 10.5 10.5  +3dx N/A N/A N/A 

+6dx 10.5 11.0 12.0  +6dx N/A N/A N/A 

+12dx 14.0 12.5 15.0  +12dx N/A N/A N/A 

F
E

F
 

-3dx 14.0 13.0 13.0  

T
A

1
 

-3dx 17.5 17.5 17.5 

-6dx 13.0 13.0 12.0  -6dx 17.5 16.5 18.0 

-12dx 12.5 13.0 14.0  -12dx 16.5 16.5 17.5 

+3dx 13.0 12.5 12.5  +3dx 12.5 13.0 11.5 

+6dx 12.5 12.5 14.0  +6dx 11.5 14.0 13.5 

+12dx 14.5 15.5 14.0  +12dx 14.0 13.5 14.0 

M
L

K
 

-3dx 15.5 15.5 15.5  

T
T

F
 

-3dx 19.5 20.0 19.5 

-6dx 15.5 15.0 15.0  -6dx 19.5 19.0 19.0 

-12dx 16.5 15.5 16.0  -12dx 19.0 19.5 20.0 

+3dx 16.5 15.5 17.5  +3dx 15.5 16.5 15.5 

+6dx 17.5 16.5 16.5  +6dx 17.5 15.5 15.5 

+12dx 16.5 17.5 16.5  +12dx 19.5 20.0 20.0 
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Table 3-11. Maximum frequency (Hz) identified on overtone images based on impact from the 8 lb 

hammer. 

  Al Al/EPDM PE    Al Al/EPDM PE 

D
R

C
 

-3dx 49.0 60.0 52.5  

P
T

P
 

-3dx 19.5 6.5 19.5 

-6dx 67.5 67.5 67.5  -6dx 17.5 9.0 17.5 

-12dx 50.0 49.0 50.0  -12dx 15.0 9.0 15.0 

+3dx 36.0 36.0 35.0  +3dx N/A N/A N/A 

+6dx 42.0 42.0 42.0  +6dx N/A N/A N/A 

+12dx 57.0 61.5 57.5  +12dx N/A N/A N/A 

F
E

F
 

-3dx 41.0 41.0 40.0  

T
A

1
 

-3dx 51.5 53.0 53.0 

-6dx 39.0 39.5 39.5  -6dx 46.5 45.5 45.5 

-12dx 49.0 49.0 49.0  -12dx 59.5 59.0 58.5 

+3dx 38.0 40.0 35.5  +3dx 15.5 15.5 16.5 

+6dx 41.0 41.0 40.0  +6dx 16.0 16.5 16.5 

+12dx 41.0 41.0 41.0  +12dx 15.5 17.5 16.0 

M
L

K
 

-3dx 19.5 19.0 18.5  

T
T

F
 

-3dx 49.5 49.0 50.0 

-6dx 19.5 19.5 19.0  -6dx 47.0 46.5 47.0 

-12dx 24.0 24.0 23.5  -12dx 40.5 40.0 40.0 

+3dx 31.0 32.0 31.0  +3dx 29.0 29.0 55.0 

+6dx 29.5 30.0 29.5  +6dx 33.5 32.5 33.5 

+12dx 28.0 29.5 26.5  +12dx 45.0 45.5 45.5 

 

Table 3-12. Effects of base plate on noise generated by sledgehammer blows as measured by smartphone 

 20 lb Sledgehammer 8 lb Sledgehammer 

Shot # Al Al/EPDM PE Al Al/EPDM PE 

1 106.7 dB 96.0 dB 95.5 dB 109.6 dB 101.0 dB 92.4 dB 

2 106.2 dB 99.9 dB 96.2 dB 108.5 dB 95.4 dB 95.6 dB 

3 108.7 dB 100.0 dB 95.8 dB 104.5 dB 100.4 dB 95.0 dB 

4 106.0 dB 102.5 dB 93.4 dB 107.1 dB 98.9 dB 94.7 dB 

5 104.4 dB 95.8 dB 94.6 dB 106.5 dB 97.1 dB 96.3 dB 

6 106.8 dB 100.5 dB 95.7 dB 107.3 dB 95.1 dB 95.4 dB 

7 103.7 dB 95.0 dB 95.2 dB 103.6 dB 97.3 dB 95.2 dB 

8 107.7 dB 100.6 dB 94.3 dB 104.0 dB 98.4 dB 94.2 dB 

9 105.3 dB 99.7 dB 94.0 dB 105.8 dB 98.1 dB 95.3 dB 

10 108.8 dB 95.4 dB 94.5 dB 106.1 dB 100.1 dB 93.0 dB 

       

Average 106.4 dB 98.5 dB 94.9 dB 106.3 dB 98.2 dB 94.7 dB 

Background Noise 54.5 dB 54.5 dB 54.5 dB 54.5 dB 54.5 dB 54.5 dB 

Shot Noise 51.9 dB 44.0 dB 40.4 dB 51.8 dB 43.7 dB 40.2 dB 

dB Reduction  -15.1% -22.0%  -15.7% -22.4% 

 

 



122 

 

Table 3-13. Properties of plates/soil used in ABAQUS 

 Material Density (kg/m3) Modulus of Elasticity (GPa) Poisson’s ratio 

C
al

ib
ra

ti
o

n
 

w
it

h
 l

ab
 

re
su

lt
s 

 

Aluminum 2070 70.0 0.33 

HDPE 975 1.5 0.40 

In
cl

u
d

ed
 i

n
 p

ar
am

et
ri

c 
st

u
d

y
 Rubber 1100 0.1 0.48 

LDPE 930 0.25 0.45 

PVC 1500 4.0 0.40 

Steel 8050 200.0 0.27 

Soft Soil 1600 10×10-3 0.25 

Medium-Stiff Soil 1800 40×10-3 0.25 

Stiff Soil 1800 160×10-3 0.25 

Rock-type material 2000 1.0 0.25 
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4 CHAPTER 4 

CHARACTERIZING THE IMPACTS OF SURVEY 

PARAMETERS ON EXPERIMENTAL LOVE WAVE MASW 

DATA 

Preface: The contents of this chapter are partly based on a report submitted to United States 

Geological Survey: Coe, J. T., Mahvelati, S., and Nyquist, J. E., 2018, Characterizing the 

Impact of Source Type, Offset, and Receiver Spacing on Experimental MASW Data Using 

Love Waves: United States Geological Survey (USGS), USGS Award No. G15AP00024. 

4.1  Introduction 

The previous chapter highlighted one aspect of survey design that has received little 

attention for Rayleigh waves, namely the role of base plate material. However, as noted in 

Chapters 1 and 2, the effects of survey parameters have seen even less examination within 

the context of Love waves. The goal of this chapter is therefore to experimentally evaluate 

key differences between MASRW and MASLW surveys, particularly with respect to source 

type, source offset, and receiver spacing. To do so, multiple methods were used to 

characterize three field sites in southeastern Pennsylvania that represented a broad range 

of subsurface conditions. “Ground truth” conditions were estimated from seismic 

refraction surveys and downhole testing and were used to explore the role of field 

parameters using collocated MASRW and MASLW receiver arrays. A series of finite 

element numerical models were also subsequently developed in SPECFEM2D to represent 

the field conditions at the three test sites for this study. These numerical models further 

explored Love wave propagation for survey parameters (e.g., receiver spacings, source 
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offsets, etc.) not directly utilized in the field. The following sections discuss the field and 

numerical efforts in this study. 

4.2 Initial Field Studies 

One of the objectives of this study was to compare Rayleigh and Love wave 

dispersion at sites with different stiffness profiles. In particular, sites where Love waves 

are likely to perform well were targeted as well as more “normally dispersive” sites where 

Rayleigh waves yield more straightforward fundamental mode curves. This ensured the 

findings are applicable across a broad range of subsurface conditions and allowed a better 

understanding of the role site conditions have on optimal data acquisition parameters. 

4.2.1 Site Selection 

It has been established that a thin soft surficial layer provides excellent sites 

conditions in which to perform MASLW (Eslick et al., 2008). Moreover, the existence of 

significant impedance contrasts between subsurface strata has also exhibited good 

responses to Love wave excitations (O’Neill, 2003). Final site selection therefore 

proceeded with identification of two locations that fit within the parameters expressed by 

Eslick et al. (2008) and O’Neill (2003) and a final control site where “normal dispersion” 

takes place. Therefore, three types of subsurface profiles were targeted: (1) a site with a 

gradually increasing impedance/stiffness profile; (2) a site with soft-over-stiff impedance 

contrast at a deeper location; and (3) a site with a soft-over-stiff impedance contrast at a 

shallow depth. The last two sites are more suitable for Love wave generation, and the first 

is the least-favorable to Love waves. 

Selection of applicable sites proceeded by identifying probable locations based on 

geologic maps and any pre-existing geotechnical/geological information such as boring 
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logs and monitoring wells. Initial exploratory seismic geophysical testing with seismic 

refraction and MASRW was then performed to develop a working model of subsurface 

stratigraphy. This working model was categorized relative to the three desired site types. 

This process was repeated at over a dozen locations across southeastern Pennsylvania and 

southern New Jersey to select the most applicable sites. The site with a soft-over-stiff 

impedance contrast at the near surface proved the most elusive to locate. Based on this 

selection process, three sites within southeastern Pennsylvania were identified for this 

study (Figure 4-1). Note that two of the sites were located very closely and are represented 

by the same point on the map. 

4.2.1.1 Gradual Impedance/Stiffness Profile 

The southern soccer field at the Ambler Campus of Temple University (Temple 

Amber Soccer; TAS) was selected to serve as the site where the subsurface profile stiffness 

gradually increases with depth (Figure 4-2). Fill material was placed to elevate this site for 

drainage when the soccer fields were first constructed within the last decade. Following 

the construction, the deeper location of rock with respect to the top of the newly deposited 

material provided a gradually varying stiffness profile from the overlying 

soils/unconsolidated sediments. Four monitoring wells exist at different locations on the 

site. The wells have different depths and all have 15.2 cm steel casings. Locations of three 

of the wells as well as their depth properties are presented in Figure 4-3 and Table 4-1.  

4.2.1.2  Soft-Over-Stiff at Greater Depth 

The area adjacent to the Skip Wilson baseball field at the Ambler Campus of 

Temple University (Temple Ambler Baseball; TAB) was selected as the site with a soft-

over-stiff profile at greater depth (Figure 4-3). General geologic conditions were the same 
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at this site relative to the TAS site, with sandstone and shale bedrock present at depth. The 

major difference was that there appeared to be less fill material placed at this site, which 

meant that the large impedance contrast between unconsolidated sediments and rock was 

located at a shallower depth than TAS. However, based on initial exploratory testing at the 

site, it was anticipated that the depth to this impedance contrast was much deeper than the 

recommended minimum thickness (1.0 m) in Eslick et al. (2008). 

4.2.1.3 Soft-Over-Stiff at Shallow Depth  

The Mountaintop Campus of Lehigh University (abbreviated as MTC) located in 

Bethlehem, Pennsylvania, was selected as a site where a soft layer is underlain by shallow 

bedrock (Figure 4-4). Rock outcrops, shown in Figure 4-5, were observed at several 

locations across this site. Three locations at the site were manually investigated using a 

hand auger. Soil samples taken from the boreholes showed that the top soil consists of 

moist silty soil. At one location adjacent to the survey line, a very stiff layer was 

encountered at about 0.25 m, and at the other two locations farther away from the survey 

line, the depth of the same stiff layer was about 0.4 m. As stated earlier, an impedance 

contrast at a shallow depth (typically shallower than 4.0 m) provides a situation in which 

Love wave can properly be produced (Eslick et al. 2008). The anticipated depth to rock at 

this site was well within the 4.0 m maximum depth mentioned in Eslick et al. (2008) but 

slightly shallower than the 1.0 m minimum depth recommended for Love wave generation. 

4.2.2 Geophysical Testing 

The geophysical testing methods used in this study included MASW using both 

Rayleigh and Love waves, seismic refraction (P-wave and S-wave), and downhole seismic 

testing. The seismic refraction and downhole seismic test results were combined to develop 
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an estimate of ground truth that would serve as the baseline for comparison to MASRW 

and MASLW. In the following sections, each geophysical method is introduced in terms of 

data collection and post-processing. 

4.2.2.1 MASRW and MASLW Testing 

4.2.2.1.1 Data Collection 

Data collection procedures in these field efforts were similar to those described in 

Chapter 3. The Seismodule Controller Software (SCS) was used with a rugged field laptop 

and Geometrics Geode seismograph to record the raw waveforms using 24 4.5 Hz vertical 

component geophones for Rayleigh wave testing and 10 Hz horizontal component 

geophones for Love wave testing. Both Rayleigh and Love wave testing were carried out 

using three different receiver intervals (0.5 m, 1.0 m, and 1.5 m). Shots were recorded at 

consistent offset locations, including 1dx, 3dx, 6dx, 12dx, and 24dx (where dx is the 

geophone interval), on either side of each survey line. At each shot location, multiple 

hammer strikes (typically 4) were stacked. To reduce P-wave energy contamination, 

opposite impacts were performed and recorded at both sides of the two horizontal impact 

plates (wooden and aluminum source). The sampling rate and the total record duration for 

each shot were 0.125 ms and 2.048 s, respectively.  

4.2.2.1.2 Seismic Sources and Impact Plates 

A sledgehammer (20 lb and 4 lb), and a GISCO ESS-MINI accelerated weight drop 

(AWD) were used as seismic sources throughout this project. The 4 lb sledgehammer 

generated waves with higher dominant frequency ranges, which focused on the shallower 

parts of the subsurface. The frequency bandwidth of the signals produced by the 20 lb 

sledgehammer was lower than that of the 4 lb hammer, meaning that it was able to evaluate 
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deeper strata. The ESS-MINI AWD is an electrically operated portable seismic energy 

source. It was mounted on a trailer hitch and operated by a 12 VDC automotive battery. The 

steel hammer used during strikes weighs 23 kg. According to the manufacturer’s data sheet, 

the hammer strikes the impact plate with an average velocity of 4.25 m/s and introduces 

208 J of energy with every impact. Four elastomers attached to the hammer are pulled 

while the hammer is raised to its highest point. Once the hammer is released, the stored 

energy in the elastomers is released, causing additional acceleration. The AWD can 

perform strikes at 0, 15, 30, and 45 degrees from vertical (Figure 4-6). A 0-degree impact 

was used to produce Rayleigh waves and the other three inclined positions were used to 

generate Love waves. 

All sledgehammer impacts in this study were coupled with the ground surface using 

some form of base plate. The base plate used in MASRW testing was a 0.3 cm x 0.3 cm x 

1.25 cm thick aluminum plate. Three different base plates were constructed for MASLW 

testing with the AWD. Each base plate consists of a 15 cm × 15 cm × 2.5 cm-thick 

aluminum plate over a wooden base which was cut at an angle compatible with the angle 

of impacts from the AWD (15°, 30°, and 45° from vertical; Figure 4-7).  Two different 

couplers were constructed for MASLW testing with the sledgehammer. The first was an 

aluminum impact plate inspired by Haines (2007) (Figure 4-8 to Figure 4-10). It consisted 

of two T-sections acting as the impact surface welded to a horizontal base plate at an angle. 

Two rails support the T-sections and 10 spikes were used at the bottom to provide coupling 

with the ground surface. Coupling was also improved by standing on the base plate during 

strikes. The other Love wave source coupler consisted of a 15.2 cm x 15.2 cm x 61.0 cm 

lumber post. Two galvanized caps were attached to both ends to serve as an impact surface 
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and reduce impact damage. However, the lumber quickly deteriorated even with this 

countermeasure in place (Figure 4-11). Multiple lumber posts were constructed and used 

during this study while only a single aluminum Love wave coupler was used.  

4.2.2.1.3 Data Processing 

After surface wave data collection was completed at all test sites for this study 

(Figure 4-12 to Figure 4-14), the raw waveforms were processed using the same 

Geometrics SeisImager/SW software package as in Chapter 3. The automatic dispersion 

curve selection process does not differentiate between fundamental or higher modes as it 

merely picks the location of maximum intensity in the overtone image for a given 

frequency. To extract the fundamental mode dispersion curve, suggested points from the 

automatic process were cross-examined with theoretical dispersion curves computed for 

the ground truth models at the three sites using MATLAB coding. Data points of higher 

modes were filtered out from the records. 

This selection process was then repeated for all the shot records of interest and 

multiple dispersion curves were extracted from the records for each site. Then, an 

averaging function was implemented on select subsets of dispersion curves to combine 

them into representative dispersion curves. At each site, all the dispersion curve data points 

from Rayleigh and Love waves, regardless of their offset/source/interval, were averaged 

and examined in a single figure. This allowed for an overall direct MASRW-MASLW 

comparison. Then, given the primary emphasis of this study to investigate the role of 

offset/seismic source/receiver interval on Love wave data, the dispersion curves data points 

were analyzed in three different “clusters”: (1) averaged based on their offset locations, 

leading to five categories (i.e., 1dx, 3dx, 6dx, 12dx, and 24dx); (2) averaged according to 
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seismic input source characteristics (i.e., aluminum horizontal source, wooden horizontal 

source, and AWD with three different angle configurations); (3) averaged based on receiver 

intervals (i.e., 0.5 m, 1.0 m, and 1.5 m). All the representative dispersion curves were also 

smoothed by applying a moving mean function that averages three adjacent data points to 

remove some of the spurious fluctuations resulting from combining multiple dispersion 

curves. This process was repeated for dispersion curves from all the sites.  

In addition to processing the waveforms with the phase shift method and examining 

their dispersion information, the raw waveforms themselves were examined with respect 

to frequency content and signal-to-noise ratio (SNR). The relative contribution of different 

frequency components was evaluated by performing the Fourier Transform of the acquired 

waveforms. The power spectrum of the signal was then determined by squaring the Fourier 

amplitude normalized by the number of samples in the waveform, and smoothed with the 

same scheme discussed earlier in Chapter 3. Similar in concept, the relative energy (Miller 

et al., 1986) was also determined by summing the squared Fourier amplitudes and used to 

evaluate the energy transferred to the ground surface from the different sources used in this 

study. 

As with the previous methodology for dispersion information, the power spectra 

and relative energy of Rayleigh and Love waves were determined based on averaging 

across multiple records collected at each site. Love waveforms were further compared 

based on their offset, source type, and receiver interval. Similar analysis was performed for 

SNR of waveforms acquired with different source types, where SNR was directly calculated 

using equation (3-1). 
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 As in Chapter 3, the first step in estimating SNR was the selection of a shot window 

to ensure that the maximum signal generated by the impact was captured. This defined the 

maximum signal amplitude within the shot window. The same process was carried out to 

determine the maximum noise amplitude whereby a noise window was selected from the 

latter part of the recording after the shot signal has completely travelled through the 

receiver spread. The noise level of six records was then averaged and expressed as the 

representative noise level at a specific site. Despite efforts to maintain consistent 

background noise during data acquisition at each site, the noise levels still fluctuated for 

different shot records, which could negatively bias the SNR estimates without the averaging 

described. A detailed explanation describing the actual recordings used to determine 

frequency content, relative energy, and SNR is presented in the discussion of the results in 

section 3.2.3. 

4.2.2.2 Downhole Seismic Testing 

The objective of downhole seismic testing (also called borehole testing) was to 

determine the subsurface velocity profile based on arrival times of compression (P) and 

vertically (SV) and horizontally (SH) polarized shear waves. Testing was performed at 

existing boreholes/monitoring wells at each of the sites (Figure 4-3 and Figure 4-4). The 

material “sampled” by this method is located primarily in the general vicinity of the 

borehole (Figure 4-15). So it represents a more localized estimate of velocity. This 

information was combined with seismic refraction results to generate a ground truth model 

of velocity with which to compare MASW results acquired with Rayleigh and Love waves. 

Data collection and post-processing procedures are described in the following sections. 
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4.2.2.2.1 Data Collection 

A 3-component borehole geophone (10 Hz) manufactured by RT Clarke was 

utilized to collect downhole seismic data in this study. The same Geometrics Geode 

seismograph used during MASW testing was used to record the downhole data. The 

downhole geophone was lowered to the bottom of the borehole or to approximately 20.0 

m when the bottom was deeper. A clamping mechanism was then enabled to couple the 

geophone to the side of the casing or to rock when the borehole was no longer cased. 

The downhole geophone used in this study did not possess an internal compass or 

a servo mechanism to rotate the horizontal component geophones to a particular azimuth. 

Therefore, it was impossible to have complete control over horizontal geophone orientation 

when the unit was lowered into the hole. This would have little or no impact on P-wave 

testing. However, data quality for downhole S-waves could be degraded since the 

horizontal geophone were not lined up with the polarization of the shots at the surface. As 

a countermeasure, shots were performed at multiple offsets surrounding the boreholes to 

ensure that waveforms with sufficient quality and SNR could be extracted and used to 

determine arrival time. Additionally, multiple strikes were repeated at each borehole offset 

to perform signal stacking and increase SNR. 

After data were collected at a given depth, the geophone was raised and shots were 

repeated until all depths of interest were fully surveyed. The measurement interval typically 

depends on the required resolution, with closer spacing between measurements providing 

higher resolution for the site stratigraphy. However, a typical interval for measurements is 

not expected to be larger than 1.5 m or smaller than 0.5 m per ASTM D7400-17 

recommendations. Subsequently, the depth interval selected for this study was 1.0 m. 
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4.2.2.2.2 Seismic Sources and Impact Plates 

After the downhole geophone was clamped, P-wave and S-waves were generated 

at the ground surface using the 20 lb sledgehammer. The 0.3 m x 0.3 m x 1.25-cm thick 

aluminum plate and the Haines (2007) horizontal aluminum base plate were used to couple 

the hammer impacts to the ground surface for P-waves and S-waves, respectively. Impacts 

were performed on both sides of the horizontal impact plate so that opposite polarization 

S-waves could be plotted to better identify the arrival times. The source was placed at a 

horizontal offset of approximately 1.0 m from the borehole location, which has 

implications on data processing as described in the next section. 

4.2.2.2.3 Data Processing 

The first step in data processing was to plot the raw waveforms against their 

respective depths and determine the time of first arrival of the corresponding waves. Travel 

distances are typically based on the assumption of straight ray paths between the source 

and receivers with no refraction at layer interfaces. It is expected that the travel times will 

increase as the geophone is placed at deeper locations within the borehole. Additionally, 

the increase in attenuation resulting from the larger travel path reduces SNR and can 

increase the difficulty of picking first arrivals at deeper locations (Stokoe and Santamarina 

2000). Signal stacking from opposite directions was applied during the analysis to 

counteract this issue to a certain extent and oppositely polarized S-waves were plotted 

together to help clarify their arrival time. 

Two conventional methods of downhole seismic data processing are available: (1) 

the direct method; and (2) the true interval or pseudo-interval method (Fernandez et al. 

2008). In the direct method, the travel times are corrected at shallow depths to reduce the 
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effects of source offset on the results. In such cases, the travel time must be multiplied by 

the cosine of the angle between the borehole and the direct line drawn from the source 

location to the examined depth. At depths greater than 10 times the offset this angle 

becomes small and the cosine factor is insignificant and can be neglected (Crice 2011). The 

corresponding P- or S-wave velocity of a given layer is calculated as the slope of the lines 

in the plot of corrected travel times versus depth (H-tc): 

𝑉 =
ΔH

Δtc
 

(4-1) 

where V is the desired velocity (i.e., P- or S-wave velocity), ΔH is the measurement depth 

interval, and Δtc is the difference in the corrected travel time between two adjacent records. 

In the true interval method or pseudo-interval method, travel times are not 

corrected. Instead, the calculations are based on the length of the straight ray path from the 

source to the receiver. Velocities are determined as the ratio of the difference between the 

slant travel paths (LR1 and LR2) of two consecutive measurements over the difference 

between the arrival times (Δt) of the same two records:  

𝑉 =
LR2 − 𝐿𝑅1

Δt
 

(4-2) 

LR = √(Source Offset)2 + Depth2 (4-3) 

 

This study followed the recommendations of ASTM D7400-17, which adopts the true 

interval method to estimate velocity. 

4.2.2.3  P- and S-wave Refraction 

In addition to downhole testing, surface geophysics was used to establish ground 

truth prior to the onset of MASW testing. Seismic refraction is considered the oldest 
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method of near-surface seismic techniques that has been used widely for mapping the 

geometry of shallow geologic interfaces (Butler 2005). Similar to downhole testing, the 

methodology depends on picking first arrivals of body waves (both P- and S-waves), which 

means it is critical to accurately detect first arrivals on field records. When a generated 

body wave reaches the interface between a soft soil layer and a second stiffer layer, a 

portion of the wave energy will either be reflected back toward the surface, travel along 

the interface, or transmitted into the second layer. Refraction occurs when the incoming 

ray path reaches the layer interface at a critical angle causing a portion of the initial wave 

to propagate along the boundary of the two layers. Then, the critically refracted wave acts 

as a new source for new secondary wavefronts. The secondary ray paths exit at the critical 

angle and return into the first layer and are measured by receivers at the surface. 

Seismic refraction “samples” a similar zone of the subsurface located within the 

array as MASW. The results from both P- and S-wave refraction were therefore combined 

with downhole results to generate the ground truth model for the sites. The main reason for 

this is that refraction measurements are actually based on horizontal velocities (i.e., waves 

moving along the horizontal interface of two layers), but the outcome of refraction is an 

estimation of vertical velocities. This may introduce errors if the subsurface layers are 

significantly anisotropic (Milsom and Eriksen 2011). Details regarding data collection and 

processing are presented in the follow sections. 

4.2.2.3.1 Data Collection 

Data acquisition for MASW testing and seismic refraction is very similar. The main 

difference is that shot locations for retrieval of refraction waves are also located within the 

interior of the receiver array in addition to the exterior. Therefore, P- and S-wave seismic 
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refraction testing in this study proceeded with the same hardware, configuration, and data 

acquisition parameters used to collect Rayleigh and Love wave MASW data, respectively. 

The longest receiver array (i.e., 1.5 m receiver spacing) was used at each site for the 

refraction testing. Closely-spaced shot stations can provide higher resolution. Therefore, 

shots were performed at every other geophone location within the array (i.e., channel 1, 3, 

5, etc.). 

4.2.2.3.2 Seismic Sources and Impact Plates 

As with data acquisition hardware, the same MASW seismic sources and impact 

plates were used for seismic refraction. This primarily consisted of the 20 lb sledgehammer 

and vertical impacts on the 0.3 cm x 0.3 cm x 1.25-cm thick aluminum plate and horizontal 

impacts on the Haines (2007) aluminum base plate. Impacts were performed on both sides 

of the horizontal impact plate so that opposite polarization S-waves could be plotted to 

better identify the refracted S-wave arrival times. 

4.2.2.3.3 Data Processing 

After data collection, the SeisImager/2D software package was used to select the 

P- and S-wave first arrivals from the collected refraction signals and further process the 

data for estimates of VP and VS. Due to their higher velocities and amplitudes, P-waves are 

typically easier to identify in the records whereas S-wave first arrivals can be quite 

challenging (Milsom and Eriksen 2011). To facilitate picking the first S-wave arrivals, 

shots of opposite polarity were stacked. This prevented selection of the P-wave arrival in 

lieu of S-waves. 

Data processing of refraction surveys can be accomplished by using a range of 

options from hand calculations to more sophisticated algorithms. However, the common 
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methods that are usually employed are the time-term method, reciprocal time method, and 

tomographic method. A plot of first arrival time to different receivers versus distance 

serves as the basic input in all these methods. Before adopting any of the computational 

methods, it is recommended to examine the quality of travel times using the principle of 

reciprocity. This principle states that the travel time measured between the source and the 

receiver should be the same in the reverse direction. Data with reciprocal error of more 

than 5% should be treated with caution as the velocity models extracted from such data are 

likely to contain significant errors. 

The time-term method, in its simplest form, assumes that all layers maintain 

constant velocities and horizontal interfaces. This method utilizes a statistical linear least-

squares approach to determine the depth of subsurface layers from the given data. This 

method only requires layer assignments for each of the first break arrivals. 

The reciprocal time method (also known as ABC method, Hagiwara's method, and 

plus-minus method) generally requires more data. Therefore, more effort is involved in 

collecting refraction data when this method is being used. This method employs forward 

and reverse travel time data that have been acquired at receivers located between two shot 

points. It also requires more input from the user. Because of the additional complexities of 

this method, it is recommended for use when the most detailed results possible are desired. 

In the tomographic method, an initial velocity model is created in a gridded 2-D 

domain, and then the refracted rays are traced through the model. Theoretical travel times 

are subsequently compared to the measured travel times. After each comparison, the model 

parameters are modified, and this process is repeated until the difference between the 

calculated and measured times is minimized. With regards to the initial input model, some 
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researchers have used the output of time-term inversion as the initial velocity model used 

in the tomographic method (e.g., Dibiase 2004). In this study, the tomographic method was 

employed to invert the first arrivals. 

4.2.3 Testing Results 

Once data were acquired and processed as described in the previous sections, 

estimates of the subsurface VS and VP profiles were developed as ground truth from 

downhole and refraction testing. This information was used in forward modeling to obtain 

theoretical Rayleigh and Love wave dispersion curves for each site. These dispersion 

curves were used to aid in selection of the fundamental mode dispersion curve from the 

experimental MASW data. These MASW results were then examined with respect to 

dispersion curve information, spectral content, relative energy, and SNR as a function of 

source type, source offset, and receiver interval. 

4.2.3.1 Ground Truth Models 

4.2.3.1.1  TAS Site 

Figure 4-17 presents the results from the seismic refraction line and downhole 

surveys performed at TAS. The refraction line was collocated with the MASW surveys and 

the downhole survey was performed at MW2, which was the closest borehole to the 

MASW/refraction array. The two-dimensional (2D) refraction results were simplified into 

a one-dimensional (1D) velocity profile by taking the average velocity for each layer across 

the site. These results were then combined with the downhole profile by taking the time 

average velocity through each corresponding layer. The profile was further simplified into 

a fewer number of layers. As a rule of thumb, jumps of 30% or more were selected as the 

boundaries between two adjacent layers. Spatial variabilities up to 40% in the soil modulus 
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(G or E) are very common in layers of same material (Phoon and Kulhawy 1999 a, b) which 

points to up to about 20% variation in VS (VS ∝ G1/2). A smaller threshold increases the 

number of layers with little practical benefit.   

The final VS and VP ground truth models are presented in Figure 4-18. The density 

of each layer was estimated at all sites by using the empirical relation from Ludwig et al. 

(1970): 

𝜌 = 1.2475 + 0.399𝑉𝑃 − 0.026𝑉𝑃
2 (4-4) 

where VP is expressed in km/s. The TAS site demonstrates a gradual increase in stiffness 

from the ground surface to a depth of 25.0 m. No major contrast in layer stiffness was 

observed and the bedrock depth (based on a VS = 760 m/s) was estimated at approximately 

11.0 m below the ground surface. This site was expected to be the least favorable for Love 

wave generation given the gradual stiffness increase with depth and lack of a large 

impedance contrast at the near surface. The Rayleigh and Love wave dispersion curves for 

this velocity profile are shown in Figure 4-18. The layer model at this site is also 

summarized in Table 4-2. 

4.2.3.1.2 TAB Site 

Figure 4-19 presents the 1D and 2D velocity profiles obtained at the TAB site from 

the downhole testing at MW4 and seismic refraction surveys. As with TAS, the 1D profiles 

were developed as an average of the 2D profile throughout the site, and equation (4-4) was 

used to estimate density values based on VP models. The downhole and refraction results 

were combined and simplified into the ground truth model presented in Figure 4-20. As 

can be observed on this figure, the stiffness of the soil profile gradually increases until a 

stiff layer (bedrock) is encountered at a depth of about 5.0 m. As discussed previously, 
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such an impedance contrast should typically be located at depths shallower than 4.0 m in 

order to provide optimal conditions for the generation of Love waves (Eslick et al. 2008). 

Therefore, it was expected that this site would be more favorable than TAS for generation 

of Love waves, but still less than ideal. The theoretical Rayleigh and Love wave dispersion 

curves were determined up to the second higher mode at this site (Figure 4-20). Table 4-3 

summaries the velocity profile for the ground truth model at TAB. 

4.2.3.1.3  MTC Site 

Figure 4-21 presents the results from refraction and downhole testing at MTC. The 

P-wave data from downhole testing exhibited poor signal quality and was not combined 

with the refraction results to form the simplified VP profile at this site. VS models extracted 

directly from S-wave refraction and indirectly from P-wave refraction (assuming a 

reasonable Poisson’s ratio) were averaged together to represent the refraction VS profile. 

For only the top 5.0 meters, these results were combined with the downhole profile because 

signal quality was quite poor below this depth and there is significant uncertainty in the 

downhole VS results highlighted in Figure 4-21. As with the other two sites, empirical 

equation (4-4) was used to estimate a density profile at this site. 

The final ground truth velocity model for MTC is shown in Figure 4-22. The site 

has a relatively shallow stiff layer, most likely weathered bedrock, at a depth of 

approximately 1.5 meters. This layer represents a 150% increase in stiffness from the 

overlying surficial layer (Table 4-4). Additionally, VS values indicative of bedrock (760 

m/s) occur within approximately 3.5 m of the ground surface. Eslick et al. (2008) indicated 

from their experimental and theoretical studies that the ideal range of depth for the stiff 

layer to generate appreciable Love wave energy was between 1.0 – 4.0 m. The MTC site 
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was therefore expected to serve as the site most favorable to Love wave generation. The 

theoretical Rayleigh and Love wave dispersion curves associated with the MTC ground 

truth velocity model are shown in Figure 4-22. 

4.2.3.2 Effects of Source Offset 

4.2.3.2.1  Dispersion Information  

In this section, the effects of source offset (SO) on dispersion of both Rayleigh and 

Love waves will be examined based on the acquired MASW data. Particularly, the average 

Rayleigh and Love wave dispersion curves were examined for changes in general pattern 

of dispersion, minimum/maximum cutoff frequencies of the fundamental mode, and 

minimum/maximum retrieved wavelength. This allowed quantification of the effects of SO 

on surface wave generation and dispersion, a topic that has seen little development for Love 

waves in the literature. 

A few points regarding development of the dispersion curves must be underlined 

prior to discussion of the results. All the initial dispersion curves were extracted using the 

automatic selection process implemented by the SeisImager/SW software. However, 

similar to the procedure followed in chapter 3, a few measures were implemented to ensure 

consistency in the outputs. First, limits were placed on the minimum and maximum 

retrievable wavelengths at each phase velocity to prevent spatial aliasing as discussed in 

Park et al. (2001). Second, in dealing with individual dispersion images, velocity reversals 

occurring at low frequency ranges were removed from the extracted data points. Such 

velocity reversals at low frequency ranges (large depth) are uncommon and can be 

attributed to numerical artifacts, spurious noise, and logistical limitations such as the 

natural frequency of the geophones. Finally, since the focus of the present study is effects 
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on fundamental mode behavior, the selection of higher modes was avoided. This was 

accomplished through a careful comparison of the experimental dispersion information to 

theoretical dispersion curves from the ground truth models at each site by overlaying the 

two datasets. Points that appeared to belong to higher modes were filtered out from the 

dispersion curves and only the fundamental mode was retained. 

Figure 4-23 plots the average experimental Rayleigh and Love wave dispersion 

curves according to the SO locations. An examination of Figure 4-23 reveals several 

important observations, some of which have been reported in the literature on previous 

occasions but primarily from a theoretical or numerical perspective. First, Love wave phase 

velocities tended to increase with farther offsets, especially at lower frequencies. This 

change can be attributed to the near field effects, which causes a distortion in phase velocity 

estimation, especially for low frequency components (Park and Carnevale 2010; Foti et al. 

2017). This tends to bias the phase velocity estimates to lower values for lower frequencies 

at closer source offsets. This pattern was much less consistent in the Rayleigh wave 

dispersion information. 

Another key observation here is the difference in the presence of the fundamental 

mode in Rayleigh and Love dispersion wave curves at TAS (Figure 4-23a, b). As obvious 

in Figure 4-23a, Rayleigh wave testing at TAS suffered from a lack of fundamental mode 

data points in the frequency range of 22-56 Hz. This gap is manifested by straight lines 

connecting the data points at frequencies greater than 22 Hz and less than 56 Hz. 

Examination of the Rayleigh wave overtone images at this site showed that Rayleigh wave 

overtones acquired with a receiver spacing of 1.5 m were dominated by the presence of 

higher modes over the same frequency range. However, evidence of Rayleigh fundamental 
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mode became obvious at a receiver spacing of 1.0 m. Love waves on the other hand 

provided a consistent fundamental mode in the range of 10-80 Hz. It has been reported in 

the literature that Love waves are less prone to higher mode excitation than Rayleigh 

waves, which can make interpretation of the Love wave fundamental mode much easier 

(Safani et al., 2005; Yong et al. 2013). The results at the TAS site represent a promising 

example confirming this observation from the literature. 

A third general observation in the results is that Love waves provided smoother and 

more consistent curves than Rayleigh waves (Figure 4-23). This difference is more obvious 

at the sites with complex near surface irregularities. For instance, MTC contains shallow 

weathered bedrock with several complex fractures close to the near surface, most of which 

in the horizontal direction. A comparison of Figure 4-23 (e) and (f) shows how more useful 

Love wave testing was to interpret the site stiffness. The behavior exhibited by the Love 

wave dispersion curves in Figure 4-23 therefore demonstrates that the effects of source 

offset are more consistent. Changes in source offset can cause more scatter in the Rayleigh 

dispersion information, which can introduce a level of uncertainty not present in the Love 

wave data. 

As mentioned previously, a detailed investigation was carried out by extracting the 

minimum and maximum frequencies and their corresponding maximum and minimum λ. 

Table 4-5 summarizes these values for the three sites. Both Rayleigh and Love dispersion 

curves, with some fluctuations and inconsistencies, lose the high frequency range of their 

fundamental mode at farther source offsets (i.e., reduced fmax). This is again not surprising 

given that high-frequency components attenuate at a higher rate with distance than lower-
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frequency components. The attenuation of high-frequency components corresponding to 

short λ consequently limits the minimum depth of investigation. 

Table 4-5 demonstrates that at the same offset location, Love waves tend to increase 

the maximum recovered λ from the dispersion images. This increase ranges anywhere from 

intermediate values (e.g., 10-15%) to extreme increases (e.g., 90%). However, caution 

should be practiced when dealing with such sharp increases because some of these changes 

occurred at offsets close to the receiver array such as SO = 1dx. These short offsets are 

vulnerable to near-field effects. Moreover, dispersion data points from small offsets (<6dx) 

are usually used to complement the high-frequency end of the dispersion curves and are 

rarely used for their low frequency (long λ) content. Moreover, it should be highlighted 

that in a velocity model with little (<10%) or no anisotropy, Rayleigh wave modes are 

larger the Love wave modes at low frequency ranges (see Figure 4-35 for an example), 

which means larger depth of investigation for Rayleigh waves at the same frequency. 

However, according to Table 4-5, Love waves reduced the average fmin by 17.3%. This 

reduced minimum recovered frequency compensates for lower phase velocities of Love 

wave and therefore, potentially increases the depth of investigation.  

4.2.3.2.2 Near-Field Effects 

Surface waves are not fully developed in the immediate vicinity of the source and, 

depending on the input signal properties, require a minimum distance to be properly 

formed. The minimum offset is a function of the input energy, testing setup, and subsurface 

profile. As a rule of thumb, the minimum SO can be taken as 25-50% of the maximum λ to 

avoid the effects of near-field (Park et al. 2002). Others have suggested larger minimum 

offsets, 50-100% of λmax, to mitigate near-field effects (Foti et al. 2015). Near-field effects 
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of Rayleigh and Love waves were investigated based on the field experimental data at the 

three field sites. 

The examination of near-field effects is usually performed in a normalized domain 

and individual picked points on the dispersion curve are transformed into a normalized 

velocity versus normalized distance domain (e.g., Yoon 2005; Ryden and Mooney 2009; 

Yoon and Rix 2009; Roy and Jakka 2017). Here, the method presented in Yoon and Rix 

(2009) and Yoon (2005) was utilized to study the effects of source location on near-field 

effects for Rayleigh and Love waves. In this method, two normalized parameters are used 

to characterize near-field effects. The first is 
𝑥1

𝜆
=

𝑥1∗𝑓

𝑉
 where 𝑥1 is defined as the source-

to-first receiver distance (Yoon 2005) and V is the phase velocity at frequency f. The second 

parameter is the ratio V/Vplane, in which Vplane is the phase velocity at frequency f that 

corresponds to plane wave conditions. For negligible near-field effects V ≈ Vplane.  

These parameters were computed using the acquired MASW data at the three field 

sites (TAS, TAB, and MTC). Dispersion images for each of the SO (1dx, 3dx, 6dx, 24dx 

12dx, and 24dx) were generated using the phase shift method. The corresponding 

dispersion curve was extracted by examining the locations of peaks in the dispersion image. 

As a conservative estimate, an SO of 24dx was assumed to be planar and free of near-field 

effects. Subsequently, x1/λ was calculated for each point on the extracted dispersion curve. 

The phase velocity for each data point in the dispersion curve was normalized against the 

benchmark velocities in the dispersion curves generated for an SO of 24dx.  

Figure 4-24 plots the normalized SO and phase velocity parameters for each of the 

sites. Each sub-figure on the left side presents all the raw data points resulting from 
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dispersion images at each of the site. Note that while both Rayleigh and Love wave curves 

never converge to an ideal plane-wave situation (a ratio of unity), but they increase with 

normalized distance in Figure 4-24. This is evidenced by a normalized phase velocity 

(V/Vplane) approaching unity. However, trends at shorter offsets are otherwise obscured by 

the considerable scatter in the data. The sub-figures on the right were subsequently 

generated to better examine these patterns. These sub-figures compute a running average 

of the raw data with a radius of 0.1 on the normalized distance axis. 

The running average sub-figures were examined for consistent deviations from the 

normalized phase velocity representing plane-wave conditions. For an easier visual 

inspection, Figure 4-24 (g) and (h) were plotted that show the moving average of Rayleigh 

and Love waves for all the sites. The results show that the near-field behavior of Rayleigh 

and Love waves is site-specific. Starting with Love waves, the ratio of x1/λ below which 

Love plane-wave conditions were no longer reliably encountered was approximately 0.35 

at all the three sites [Figure 4-24 (h)]. In other words, at all the sites, Love waves became 

planar at normalized offsets of 0.35 and beyond. However, at closer normalized offsets, 

sites with a shallower stiffness contrast experienced more severe near-field effects as 

evidenced by an additional 10-15% underestimation of true phase velocities. While this 

trend is intuitively expected, it is worthy of explanation in further details. In the literature, 

it has been reported that an increased impedance contrast increases the underestimation of 

phase velocities at closer normalized distances (Roy and Jakka 2017). Also, the 

contribution of the stiff half-space increases in the overall wave propagation with a 

shallower bedrock location and when longer wavelengths are generated (λ ∝ Vs). This 

results in more severe near-field effects. Finally, a shallow large-impedance contrast 
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distorts the wave propagation regime due to multiple reflections and refractions in the 

propagating waveform. Therefore, it makes sense that such cases are more affected by near-

field effects. 

According to Figure 4-24 (g), the same trend can be observed between near-field 

effects of Rayleigh waves at TAB and TAS where the site with shallower bedrock location 

underestimate the low frequency phase velocities. This is particularly notable at normalized 

offsets < 0.2. At both of these sites the Rayleigh waves eventually converge to a 95% planar 

situation at x1/λ of 0.40. As evident on Figure 4-24 (e), the data quality of Rayleigh waves 

at the MTC site suffered from the greatest amount of scatter among the three sites. This 

scatter rendered the results impractical to identify any consistent patterns in the near-field 

behavior. Still, the Rayleigh wave data at MTC generally fell below a V/Vplane ratio of unity, 

which signified that the Rayleigh waves were contaminated by near-field effect at the MTC 

site. Again, the presence of higher modes in the dispersion images complicated 

interpretation of the near-field effects. An examination of Figure 4-24 (b) and (d) also 

shows that the normalized minimum offset required for Love waves to avoid near-field 

effects is comparable to those for Rayleigh waves. However, Rayleigh waves were more 

adversely affected (additional ~10% underestimation of phase velocity) by near-field 

effects at both these sites. 

4.2.3.3 Effects of Source Type 

4.2.3.3.1  Dispersion Information 

Figure 4-25 shows the average Rayleigh and Love wave dispersion curves based 

on the seismic source utilized during data acquisition. For Rayleigh waves, the comparison 

is made between a 20 lb sledgehammer impact on an aluminum plate versus the impact of 
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the AWD on the same plate. For Love waves, dispersion curve data is plotted for 20 lb 

sledgehammer impacts on the aluminum Haines (2007) coupler and the wooden plank as 

well as AWD impacts on angled base plates (15, 30, and 45 degrees). 

Based on a review of Figure 4-25, a few major points can be highlighted. First, the 

frequency range covered by fundamental mode dispersion curve from AWD shots at TAS 

(Figure 4-25a) is substantially smaller than that of the 20-lb sledgehammer. One reason for 

this observation is that due to logistical and time constraints, the Rayleigh wave testing 

with the AWD at 0.5 m receiver spacing was not performed at this site. Therefore, the 

dispersion curve was not filled in with data from the smallest receiver interval, which 

would tend to emphasize higher frequency. The other contributing factor is that the 

overwhelming majority of Rayleigh wave overtone images collected with a receiver 

spacing of 1.5 m and 1.0 m were dominated by the first higher mode over intermediate 

frequency ranges. Given the focus on fundamental mode behavior in this study, all such 

data points were consequently removed from the dispersion curve. Examples of the 

overtone images with appreciable higher mode energy overlaid with the theoretical 

Rayleigh wave dispersion curves (dx = 1.5 m) is plotted in Figure 4-26a for the TAS site. 

Evidence of the fundamental mode begins to appear in the data acquired with 1.0 m 

geophone spacing (Figure 4-26b). Furthermore, some gaps in the fundamental mode 

Rayleigh wave dispersion curves can be identified in the frequency range of 26-52 Hz even 

when the sledgehammer was used. This was again the same range over which the 

accumulated energy was biased toward a higher and/or a combination of higher modes. 

However, compared to the AWD, a sledgehammer is expectedly producing high frequency 

energy which increases the resolution over high-frequency ranges. The tendency in 
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overtone images toward higher modes was not the case for Love waves and the 

fundamental mode was present over a fairly wide frequency range (15-85 Hz). 

The right panels on Figure 4-25 show that using different source types did not 

practically alter the low frequency end of dispersion curves Speaking of Rayleigh waves 

(left panel on Figure 4-25), the 20 lb hammer and AWD provided identical minimum 

frequencies. With respect to Love waves, the AWD and horizontal aluminum plate showed 

similar behavior despite the increase in energy offered by the AWD. A careful examination 

of Figure 4-25b and Figure 4-25d reveals that the phase velocities from the horizontal 

wooden plank source are consistently lower by about 20% compared to those of other 

source types. This pattern is even stronger in Figure 4-25d. The horizontal aluminum 

source also exhibits similar behavior but it is limited to the results at TAS in Figure 4-25b. 

None of these observations were present in the MTC results. A potential explanation for 

the discrepancy in phase velocity data is that the wooden source is the only source of Love 

waves in which the impacts are performed at a pure parallel direction to the ground surface. 

In all other source conditions, a vertical component from impact is also introduced into the 

subsurface in addition to the horizontal component. It is possible that the presence and 

propagation of elastic waves from the vertical component of shots may contaminate the 

Love wavefield and bias the phase velocity to higher values. 

One final item of discussion regarding the effects of source type on the dispersion 

curves is that the same low and high cutoff frequencies were observed for shots with the 

AWD at different impact angles. The minimum and maximum retrieved frequencies and λ 

from the dispersion curves of different source types are summarized in Table 4-6. At TAS, 

the dispersion curves of the AWD with different angles converged for frequencies beyond 
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12 Hz. At TAB, the frequency of convergence is at 20 Hz and it is at 32 Hz at MTC. As 

noted in Table 4-6, the results at MTC exhibited larger variability in frequency content for 

the dispersion curves acquired from different angled impacts of the AWD. 

4.2.3.3.2 Frequency Content 

The frequency content of the input surface waves is related to what appears on the 

dispersion images. It has been long known that different source types have characteristic 

frequency responses and can therefore target different frequency ranges in the dispersion 

curve. Given some of the disparities highlighted in the previous section, it was important 

to examine the effects of different source types on the frequency content of the raw signals 

without transforming them into the dispersion image space. This was accomplished by 

generating the power spectra of the raw signals. 

Figure 4-27 plots the Rayleigh and Love wave power spectra collected with 

different source types at each site. The left panel represents the spectral content of Rayleigh 

waves and the right panel is that of Love waves. All the spectra have been extracted from 

waveforms acquired at an SO of 6dx with dx of 1.5 m (i.e., SO = 9.0 m). The amplitudes in 

this figure were normalized with respect to the maximum observed power spectral density 

at a given site. Same as Chapter 3, all the curves were smoothed by taking a running 

average of seven data points across each frequency bin. 

As expected, the vertical impacts of the AWD are almost two times stronger in 

power than impacts by the 20 lb sledgehammer. However, the two offered the same 

frequency bandwidth with no practical shift in the frequency content. Similarly, the power 

spectra of Love waves produced with different angles of AWD are quite similar in their 

frequency content. Interestingly, increasing the angle of impact did not consistently 
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improve performance with respect to peak power spectral density. At TAS, the power 

spectral density increased with AWD angle, but at MTC this pattern was reversed. Also, at 

TAB, there are multiple peaks in the power spectrum for the AWD-15º impacts, which is 

indicative of the significant amount of mode splitting occurring in the dispersion behavior 

at this site. A similar pattern can be observed in the Rayleigh wave power spectrum using 

the AWD at MTC (Figure 4-27e). The horizontal wooden plank source consistently 

provided anywhere from 15 – 70% lower peak power when compared to other horizontal 

sources. One major anomaly for the wooden source occurs at TAB (Figure 4-27d). At this 

site, the wooden source exhibited lower dominant frequency than the rest of the sources, 

which all possess the same shape and centered around the same dominant frequent of 47 

Hz. 

4.2.3.3.3 Relative Energy 

Figure 4-28 contains the relative energies computed for shot records collected with 

different sources at an offset location of 6dx when dx is 1.5 m (except for Rayleigh wave 

at MTC which is reported for the offset of 3dx). All the energy levels in this figure have 

been normalized with respect to the maximum energy recorded within that sub-figure. 

For both types of surface waves, the increased power of the AWD impacts did result 

in more energy transfer to the subsurface. The Rayleigh wave energy from impacts of the 

sledgehammer ranges from 50% to 70% of the energy level of the AWD impacts. This is 

consistent with the previous section that showed that, on average, the power from the 20 lb 

hammer is about half the power of a vertical AWD strike. In Love waves, the wooden 

source offered the least amount of energy, ranging from 30% to 80% of the energy from 

the horizontal aluminum plate. This was again expected given that the wooden source also 
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provided the least power in the previous section. Similar to the observation made for power 

spectra, impacts of AWD from different angles did not exhibit a consistent pattern, and the 

optimal Love wave generation angle varies from site to site. However, the overall energy 

levels did not differ drastically as the impact angle was changed. In fact, the minimum 

Love wave energy generation from impacts at different angles was 65% to 95% of the 

maximum energy level encountered for the optimal impact angle at a given site. 

4.2.3.3.4 Signal-to-Noise Ratio 

SNR was also calculated for shot records collected with different source types at an 

offset location of -6dx and dx = 1.5 m (except for MTC where the SO was -3dx). The 

purpose of this analysis was to examine whether differences in relative energy translated 

into appreciable differences in SNR. At a given site, the maximum signal amplitudes 

corresponding to different sources were all divided by a constant representative noise level 

to calculate the SNR. 

Figure 4-29 presents the SNR as a function of receiver location along the receiver 

spread. Unsurprisingly, the SNR of Rayleigh wave records from the AWD was always 

greater than that observed for the 20 lb sledgehammer. At TAS, the AWD increased the 

SNR by 7.8 dB (27.4%). Average increases in SNR at TAB and MTC were 5.1 dB (13.7%) 

and 4.4 dB (16.7%), respectively. This increase was indeed expected given the larger 

amount of relative energy introduced by the larger seismic source mass. The trend of SNR 

for Love waves appeared to be more site dependent. At TAS, a clear distinction was made 

between different sources with the wooden plate offering the least SNR, followed by the 

horizontal aluminum plate and AWD. At TAB, the SNR from all source types (except the 

wooden post) exhibited similar values. Finally, at MTC, the wooden plank source again 
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had the lowest SNR, and the horizontal aluminum plate and different AWD configurations 

were the superior seismic source. 

The inferior SNR performance of the horizontal wooden source was not surprising 

given the way impacts are performed. Our experiences demonstrated that a slightly inclined 

seismic source was much easier to work with when compared to an impact directed solely 

in the horizontal direction to a striking surface completely perpendicular to the ground 

surface. Confidence and control over the impacts was therefore increased when an inclined 

plate was used. This logically led to more energy transfer with the other sources. However, 

it must be underlined that lower SNR does not necessarily correlate to poorer quality of the 

overtone images. In fact, the overtone images from the wooden source exhibited similar 

(and sometimes superior) clarity relative to the overtone images generated by the other 

sources.  

4.2.3.4 Effects of Receiver Spacing 

4.2.3.4.1 Dispersion Information 

Finally, the effects of receiver spacing on the dispersion of surface waves was 

investigated by examining the patterns in the average dispersion curves shown in Figure 

4-30. Perhaps, among the three key survey parameters, the receiver spacing had the most 

consistent influence on Rayleigh and Love wave dispersion curves. According to Figure 

4-30, for both the Rayleigh and Love wave curves, shorter spreads resulted in up to 25% 

lower phase velocities, especially at frequencies below 30 Hz. This observation is 

implicitly rooted in the fact that with shorter receiver intervals, the distance associated with 

the SO are also scaled down resulting in shorter overall distances from source to first 
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receiver. As discussed previously, near-field effects tend to bias the phase velocity to 

lower-than-actual values at low-frequency ranges. 

Table 4-7 summarizes the data from Figure 4-30 regarding the minimum and 

maximum frequencies recovered from different receiver spacing. According to Table 4-7, 

using Love waves can increase the maximum recovered λ from the dispersion curves. Such 

increases are especially of practical importance with the largest receiver spacing (dx=1.5 

m). At this receiver interval, the maximum recovered λ with Love waves was 7-28 m larger 

than that acquired with Rayleigh waves. This also translates into about 2-9 m of additional 

depth of investigation (see next section for details). As discussed previously with the results 

from Table 4-5 to Table 4-7, Love waves exhibited a lower minimum frequency which 

subsequently increased the maximum recovered λ. Again, for the TAS site (Figure 

4-30a,b), the Rayleigh wave curves suffered from lack of data in the intermediate/high 

frequencies and consequently exhibited a gapped fundamental mode behavior (red and 

green curves on Figure 4-30a).  

4.2.3.4.2 Depth of Investigation 

A suite of inversions was carried out on the dispersion curve data to examine the 

effects of receiver interval on depth of investigation (Figure 4-31). The inversions were 

performed to develop VS profiles using a linear least-squares inversion scheme with a root 

mean square error (RMSE) of 5% set as the threshold of convergence. However, some of 

the inversions, particularly with the Love waves, did not meet this requirement. 

Figure 4-31 plots the inverted VS profiles with different geophone intervals across 

the sites. On each sub-figure, the VS profiles of Rayleigh and Love waves are bounded by 

dashed lines of the same color as the VS profiles. These lines represent the limitations on 
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the minimum and maximum resolvable depths of investigation and are determined 

according to the minimum and maximum λ retrieved from dispersion curves. Generally, 

the rule of thumb states that the depth (d) corresponding to a particular λ component is d = 

λ/3. Within the boundaries defined by λ limitations (dashed lines), both surface wave types 

show generally good agreement with the ground truth models. Still, at TAB, the difference 

between the estimated VS from surface waves and ground truth model increases (especially 

below 10 m) and surface waves appear to underestimate the true model. This could be 

partly due to two reasons. First, the ground truth model is partially constructed according 

to the seismic refraction survey, which is technically another form of seismic survey, and 

it has been reported occasionally that seismic refraction may overestimate the true velocity 

model (Yong et al., 2013). Also, surface wave inversion often struggles at low frequency 

ranges due to insufficient number of data points. This can also introduce additional sources 

of error. 

Generally, the Love wave results in Figure 4-31 tend to estimate larger VS than 

Rayleigh waves by 10% to 50%, especially over the top 5.0 – 10.0 meters. This was 

expected due to the seismic anisotropy that usually exists in earthen materials in which the 

material is often more “competent” in the horizontal direction relative to the vertical 

direction. Since Love waves are horizontally polarized and inherently measure the 

horizontal VS, they often travel at faster velocities relative to Rayleigh waves. However, 

this pattern reverses at larger depths (corresponding to longer λ) and VS derived from 

Rayleigh waves are subsequently faster than those from Love waves (except in Figure 

4-31g). The same relation between Rayleigh and Love waves was reported by Safani et al. 

(2005). One explanation is that the stiffness of soil/rock is directly proportional to its stress 
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state. Deeper beneath the surface, the horizontal and vertical stresses increasingly diverge 

with the vertical stress becoming much larger that the horizontal stress. When deep enough, 

the state of stress can compensate for any horizontal discontinuity and/or weathering that 

could have caused the near-surface vertically polarized VS to be smaller than the near-

surface horizontally polarized VS. 

The maximum depth of investigation is controlled by the maximum wavelength 

(λmax), which corresponds to the minimum interpretable frequency component on a 

dispersion curve. As seen previously in the dispersion images, Love waves exhibited 

reduced fmin and comparable phase velocities to Rayleigh waves. These increases would 

manifest themselves into increased depths of investigation. This was indeed the case in 

some instances in Figure 4-31. However, this observation was dependent on site and 

receiver spacing. For example, Figure 4-31b and Figure 4-31e demonstrate situations 

where the VS profile from inverting Rayleigh wave dispersion information resulted in the 

larger depth of investigation. However, when Rayleigh waves exhibited larger depths of 

investigation, the increase was typically not greater than 1.5 m, and did not occur with the 

largest receiver interval. This is important given that maximum depth of investigation 

comes from the longest receiver array (Figure 4-31a, d, and g). In all such cases, Love wave 

inversion exhibited an increased depth of investigation that ranged from an additional 2 m 

to 9 m.  

The minimum λ extracted from the dispersion curves affects the shallowest 

resolvable depth of investigation. In this regard, expect for Figure 4-31 (a), Rayleigh and 

Love waves exhibited impractical differences (less than 0.5 m) in their minimum resolvable 

depth of investigation. In fact, for the most part, the minimum λ of the two overlapped 
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entirely as shown on Figure 4-31 (b) through (i). The results at TAS with dx = 1.5 m [Figure 

4-31 (a)] was discussed earlier with respect to the effects of receiver spacing on the 

dispersion information. The average Rayleigh wave dispersion curve for this site and 

receiver spacing lacked intermediate and high frequency components. This resulted in 

reduced near-surface resolution and an increased minimum depth of investigation. 

4.3 Numerical Modeling 

The results from the field efforts highlighted a few key observations related to 

MASLW survey parameters that warrant additional study. To further explore these issues, 

numerical modeling of the conditions encountered at the field sites was performed. Such a 

systematic numerical evaluation would complement the field efforts and further reinforce 

recommendations regarding optimal MASLW survey parameters. 

The numerical modeling of Rayleigh and Love wave propagation was performed 

using the SPECFEM2D code previously used for the base plate efforts in section 3.3.2.5. 

Domain properties were assigned based on the ground truth models from the TAS, TAB, 

and MTC sites (Table 4-2 to Table 4-4). In all the cases, the effects of seismic anisotropy 

were neglected (i.e., VSV = VSH). The models for all three sites were 75.0 m in the horizontal 

direction and 25.0 m in depth. A 30 Hz Ricker wavelet located at 2.5 m from the left 

boundary generated an input vertical or horizontal force function on the surface of the 

model. Vertical and in-plane horizontal waveforms were then captured by a line of 141 

receivers at 0.5 m spacing. The receivers were located from 3.0 m to 73.0 m along the 

surface of the model. Such a domain design with an extended receiver spread eliminated 

the need for multiple simulations. Instead, all the desired offset locations could be extracted 

from a single simulation for each field site. Figure 4-32 shows a snapshot of wave 
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propagation in the MTC model. Similar to the provisions used in the previous chapter, the 

top surface represents a stress-free boundary condition (ground surface) and all the 

remaining domain boundaries were subjected to Stacey absorbing boundaries. The 

domains were spatially discretized with a mesh size of 0.5 m x 0.5 m. A marching time 

step of 0.076×10-4 s was used to safeguard the computations against Courant instability.  

4.3.1 Dispersion Information 

Rayleigh and Love wave propagation were simulated for each of the field sites. 

Information from 24-channel arrays receivers was subsequently extracted for SO equal to 

1dx, 3dx, 6dx, 12dx, and 24dx. The corresponding dispersion images were generated using 

the phase shift method as employed by the Geometrics SeisImager/SW software. 

A few observations were notable in the dispersion images. First, the Rayleigh 

waves at sites MTC and TAB tended to favor the excitation of higher modes (Figure 4-33). 

However, Love waves at these two sites are dominated by the fundamental mode. Sites 

with strong velocity contrast at a shallow depth typically exhibit stronger higher mode 

excitation for Rayleigh waves (Foti et al. 2015). The dispersion images acquired 

numerically at TAS were consistently dominated by the fundamental mode for both 

Rayleigh and Love waves. The Love wave dispersion images from field results at TAS 

(Figure 4-23b) were also dominated by the fundamental mode. However, at select offset 

locations, field Rayleigh wave dispersion images (Figure 4-23a) exhibited a gap in the 

fundamental mode energy in the 20-50 Hz frequency range. The inconsistency with 

Rayleigh waves can be addressed from different perspectives: (1) not all the offsets showed 

a gap in the covered frequency (i.e., 1dx and 3dx consistently cover the fundamental mode); 

(2) the gap would have been filled had we performed the testing with dx=0.5 m; and (3) 
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there are some inherent differences between field and numerical modeling. For instance, 

the seismic source in the numerical modeling is a mathematically-ideal 30 Hz Ricker 

wavelet that provides consistent frequency generation relative to field sources. The field 

results came from a variety of different sources that could have different frequency contents 

that excite higher mode participation in a different manner. Despite this inconsistency, at 

MTC there were some reliable trends related to mode separation. When the source was 

closer to the first receiver, the fundamental and 1st higher mode seemed to exhibit more 

mode-mixing. As the SO increased, separation between the fundamental and first higher 

mode increased in the dispersion image. Figure 4-34 demonstrates this based on dispersion 

images at MTC. A simple explanation is that at the same frequency, higher modes travel 

faster than the fundamental mode. At smaller source-array distances components of 

different modes are not separated sufficiently as evidenced on the overtone images, but as 

the travel path increases, fundamental and higher modes become well-separated.    

Figure 4-35 depicts the Rayleigh and Love wave fundamental mode dispersion 

curves extracted from all the dispersion images for each of the three sites. Figure 4-35 

demonstrates that the closer SO locations resulted in lower phase velocities. This is 

consistent with what was observed earlier from the field data (e.g., Park and Carnevale 

2010; Foti et al. 2017). Note that the low-frequency components of the MTC Rayleigh 

dispersion curves from SO equal to 1dx, 3dx, 6dx, and 12dx were highly contaminated by 

the first higher mode in the 30-55 Hz frequency range. This is evident by the lack of 

markers (data points) in this range These dispersion curves were of limited use when 

establishing trends for the fundamental mode with respect to survey parameters. For 

example, the Rayleigh wave dispersion information did not exhibit consistent low-
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frequency limits because of the variable presence of higher modes. As with the field results, 

the increased presence of higher modes in the Rayleigh dispersion often resulted in more 

straightforward interpretation of the Love wave dispersion images.  

4.3.2 Near-Field Effects 

The results from the numerical simulations were used to further study the effects of 

SO on the near field. Consequently, the dispersion curve data points in Figure 4-35 were 

normalized according to the method described in section 4.2.3.2.2. An SO of 24dx (36.0 

m) was chosen as the reference offset where surface waves have converged to a plane wave. 

Figure 4-36(a) shows the Love wave results from the three sites. As with the field 

data, a moving average function was applied to the data points in Figure 4-36(a). Figure 

4-36(b) plots the average of neighboring data points located within a radius of 0.05 with 

respect to the normalized SO, and  Figure 4-36(c) repeats the field results for a side-by-

side comparison. At all sites, the Love waves tend to converge to an ideal plane-wave 

condition at a normalized offset x1/λ of approximately 0.3 which compares favorably with 

the field results. Other observations from the side by side comparison of field and 

numerical results include the following remarks. First, field curves do not reach a velocity 

ratio of unity while numerical results do, mainly because of random experimental errors, 

inherent uncertainties of experimental overtone images from larger scatter, and the 

idealized situation of numerical simulations (e.g., no noise, perfect receivers, etc.). In the 

following paragraphs, possible explanations for why numerical results are less influenced 

by near-field effects are presented. Moreover, the moving average of field results exhibited 

localized peaks and valleys (e.g., TAS around 0.2-0.3) while the moving average of 

numerical results consistently increases until a ratio of one is met. Also, evident on these 
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figures is that the initial velocity ratio of the field experimental curves at each site is about 

5% lower than that obtained from the numerical modeling at the same site, and finally, 

which curves exhibit more or less near-field effects is consistent between field and 

numerical curves. Once below the plane wave threshold, all sites exhibited a decrease in 

V/Vplane below one. The magnitude of this decrease exhibited dependency on the depth to 

rock. At MTC where the sharp velocity contrast from rock is shallower, this decrease was 

more pronounced. As we move from MTC to TAB and TAS, the influence of near-field 

effects becomes less significant and the ratio of V/Vplane is increasingly larger for the same 

reasons discussed in section 4.2.3.2.2. 

Figure 4-37(a) presents the Rayleigh wave results. Similar to the field data, the 

dispersion curves from MTC only contained usable fundamental mode data at high 

frequencies that did not provide enough coverage for normalized source offsets smaller 

than 0.2. As with the Love wave results, Figure 4-37(b) presents the data from Figure 

4-37(a) after a moving average function (r = 0.05) was applied, and Figure 4-37(c) repeats 

the moving average of Rayleigh waves from field results.  

A comparison of Figure 4-36(a) and Figure 4-37(a) shows that there is more scatter 

in the Rayleigh wave results relative to Love waves. At TAS, the Rayleigh waves reliably 

exhibited plane-wave conditions for V/Vplane at a normalized offset x1/λ of approximately 

0.30. This differs slightly from the results encountered in the field where the threshold 

normalized offset was approximately 0.35-0.40. Also, similar to the Love wave curves, the 

Rayleigh wave experimental curves start from a lower velocity ratio than the numerical 

curve (0.80 versus 0.97). This pattern between experimental and numerical results has been 

previously reported in the literature (e.g., Yoon and Rix 2009). There are a number of 
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reasons that explain why the numerical data were less influenced by near-field effects and 

consequently exhibited larger velocity ratios compared to the experimental data. First, note 

that experimental dispersion curves on Figure 4-23(a) are more divergent than those of the 

numerical model on Figure 4-35(a), especially at frequencies below 20 Hz. Experimental 

data are often more scattered due to random experimental errors and uncertainties 

associated with mode selection at low frequency ranges (Yoon and Rix 2009). Also, near-

field effects are in part caused by strain-dependent nonlinear seismic velocity due to the 

excessive strain level in this vicinity of the source (Park and Carnevale 2010). The 

numerical modeling of wave propagation on the other hand is based on linear elastic 

behavior of the material (Tromp et al. 2008).  

There was better agreement between the numerical and field Rayleigh wave results 

at TAB. For the numerical simulations, V/Vplane consistently increased until it reached a 

ratio of one at an offset x1/λ equal to approximately 0.45. The TAB field results for 

Rayleigh waves were missing key data in the intermediate and high frequency ranges due 

to significant higher mode presence in the dispersion information. Only a minimum 

normalized SO of x1/λ equal to 0.35-0.40 could be established.  

Comparisons between the Rayleigh and Love wave numerical results highlight a 

few key points. At TAB, Love waves converged to plane-wave conditions at a normalized 

offset of 0.30 which is on the same order but slightly smaller than the ratio needed (x1/λ ≈ 

0.40) for Rayleigh waves. At TAB, both Rayleigh and Love wave numerical curves showed 

(almost) similar starting points, path, and convergence x1/λ. Finally, numerical Rayleigh 

moving average from MTC is not conclusive due to insufficient low-frequency data points.   
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4.3.3 Depth of Investigation 

As with the field studies, one area of interest for the numerical simulations was the 

expected maximum depths of investigation for Love and Rayleigh waves. As noted 

previously, the maximum depth of investigation (d) is a function of the maximum 

wavelength (i.e., minimum frequency) extracted from the dispersion curve information 

where d ≈ λ/3, and thus any change in penetration depth can be estimated as Δd ≈ Δλ/3  

Table 4-8 lists the minimum and maximum recovered frequency and the corresponding 

wavelength for each dispersion curve on Figure 4-35. This information was obtained using 

the automated picking algorithm implemented in the Geometrics SeisImager/SW software 

in conjunction with the methodology described in section 4.2.3.4.2. 

The information in Table 4-8 shows that the Rayleigh phase velocities in the 

numerical simulations were larger than Love wave phase velocities at frequencies below 

30 Hz. This can result in greater depth of investigations for Rayleigh waves. However, note 

that the minimum recovered frequency for Love waves is consistently lower than that of 

Rayleigh waves. A similar trend was observed previously in the experimental field data 

(Table 4-5). A lower retrieved frequency component, depending on the magnitude of 

reduction, can compensate for slower Love wave phase velocities. The maximum retrieved 

wavelengths in Table 4-8 highlight cases where the depth of penetration for Love waves 

increased by as much as 4 m (e.g., SO 12dx at TAB). However, the table also presents 

instances where the target depth of Love waves is smaller by less than 3 m than those of 

Rayleigh waves. Going back to field results, it was observed that Love waves increased the 

depth of investigation mainly due to a lower recovered minimum frequency. The critical 

difference between the two data sets is that the size of reductions in the field data is 
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typically larger by a few Hertz than the reductions observed in the numerical data. For 

instance, considering SO =24dx at TAS, Love wave dispersion curve from numerical 

modeling reduced the low frequency by 2.0 Hz while the Love wave dispersion curve from 

field testing lowered the minimum frequency by 6.3 Hz. With this in mind, Table 4-8 

suggests that if the improvement in the minimum frequency with Love waves is 5 Hz (or 

more), λmax from Love waves would be larger than that of Rayleigh waves, which leads to 

an increased depth of investigation.      

The maximum wavelengths were also compared for the numerical simulations and 

field results. Rayleigh wave results in the numerical simulations exhibited maximum 

wavelengths that were comparable to those from field data, and any difference between the 

two data sets can be explained by examining the minimum retrieved frequency. For 

instance, at SO=1dx of TAS, the numerical modeling curve exhibited a λmax of 58.2 m at 

12.0 Hz while the experimental curve exhibited a λmax of 51.0 m at 13.7 Hz. The difference 

between the two maximum wavelengths is simply because of the reduced frequency 

observed in the numerical dispersion curve. This excluded the MTC results since the 

Rayleigh wave fundamental mode dispersion information was of such poor quality. 

Interestingly, this was not the case for the Love waves. Maximum wavelengths for the 

simulated Love waves decreased by as much as 5.0 m to 10.0 m relative to the field results, 

because again the minimum cutoff frequency for field dispersion curves tends be lower by 

a few Hertz than that of numerical dispersion curves. The results at MTC were mixed with 

wide variability in the difference between simulations and field. 

Given the variability of the results described in this section, it must be underlined 

that anisotropic effects were not originally modeled. However, seismic anisotropy is 
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present in many real-world scenarios. The Love wave field results in Figure 4-31 estimated 

VS values larger than Rayleigh wave results up to a depth of about 15.0 m. This discrepancy 

was explained by the presence of seismic anisotropy as is referenced in the literature when 

similar results were observed (Safani et al. 2005). Within this depth, the material is more 

competent in the horizontal direction relative to the vertical direction, which causes the 

Love waves to travel at faster velocities relative to Rayleigh waves (positive anisotropy; 

VSH>VSV). However, eventually this trend flips (VSH<VSV). Seismic anisotropy in stratified 

profiles is another key role that would further increase the depth of penetration of Love 

waves if the maximum generated wavelength is within the depth of positive anisotropy.   

4.4 Summary 

This chapter discussed Rayleigh and Love wave testing performed at three different 

sites. In addition to field testing, numerical modeling was performed to simulate the 

conditions at the sites and to further explore the differences between Rayleigh and Love 

wave propagation in different subsurface conditions. Field results highlighted that source 

type, offset, and receiver spacing can play a major role in interpretation of VS profiles 

resulting from MASW. There were some appreciable differences between the effects of 

these field parameters on Rayleigh versus Love waves. Most notably, field results 

highlighted that Love waves were capable of resolving VS to larger depths (up to 9 m) than 

Rayleigh waves due to lower resolvable frequency and correspondingly longer λ. The 

results from numerical modeling also improved the minimum recovered frequency on Love 

wave dispersion images that can increase the depth of investigation depending on the 

magnitude of reduction.  
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Variations in the SO introduced appreciable scatter in the Rayleigh wave dispersion 

behavior but the Love waves seemed immune to this effect. Similarly, Love waves tended 

to more consistently excite the fundamental mode, while Rayleigh wave dispersion image 

were affected by the presence of higher mode energy. This made interpretation of the 

fundamental mode dispersion curves more difficult for Rayleigh wave and decreased 

confidence in their subsequent inversions. Consequently, the VS profiles obtained in this 

study from Love waves generally agreed better with the ground truth models established 

based on seismic refraction and downhole testing.  

The near-field effects of Rayleigh and Love waves were investigated using field 

and numerical results. Both datasets indicated that the underestimation caused by near-field 

effects increases by an additional 10-15% with a shallow large-contrast layer. Thus, 

shallow large-contrast profiles would have more severe implications on the generation of 

surface waves. Field results also demonstrated that at close source offsets, Rayleigh waves 

were more influenced by near-field effects than Love waves as evidenced by an additional 

10% underestimation of true phase velocities. However, both the experimental and 

numerical results showed that the offsets required to avoid near-field effects in Rayleigh 

and Love wave testing were comparable in the range of 0.3-0.4 of the maximum anticipated 

wavelength. Still, it must be underlined again that at closer-than-ideal (i.e., less than 0.3λ), 

source offsets, the underestimation from Rayleigh wave testing were up to 10% larger than 

that of Love waves suggesting that Rayleigh waves are more affected by near-field effects 

than Love waves at closer offsets.   
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Figure 4-1. Survey sites (USGS). 

 

Figure 4-2. TAS/TAB site locations and survey lines (Google Maps). 
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Figure 4-3. Monitoring wells at TAS site (Google Maps). 

 

 

Figure 4-4. MTC site location and survey line (Google Maps). 
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Figure 4-5. Rock outcrops observed at MTC site. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 4-6. GISCO ESS MINI AWD at different angles of operation: (a) 0º (vertical); (b) 15º; (c) 30º; and 

(d) 45º. 
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(a) (b) 

Figure 4-7. Base plates constructed for different angles of operation: (a) 15º and 30º; and (b) 45º. 

 

Figure 4-8. Haines (2007) aluminum Love wave base plate rail dimensions (all dimension in inches). 

 

Figure 4-9. Haines (2007) aluminum Love wave base plate T-section dimensions: (a) front view; and (b) side 

view. 
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Figure 4-10. Haines (2007) aluminum Love wave base plate. 

 

  
(a) (b) (c) 

Figure 4-11. Wooden Love wave base plate: (a) 15.2 cm x 15.2 cm galvanized steel cap; (b) wooden post; 

and (c) wooden base plate in operation. 
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Figure 4-12. Surface wave testing at MTC. 
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Figure 4-13. Surface wave testing at TAB. 
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Figure 4-14. Surface wave testing at TAS. 
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Figure 4-15. Schematic of downhole seismic testing setup (Fernandez et al. 2008). 

  
Figure 4-16. Downhole testing at MW2 of TAS. 
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(a) (b) 

 

 
(c) (d) 

Figure 4-17. Refraction and downhole testing results at TAS: (a) 2D VS profile from refraction; (b) 1D VS 

profiles from refraction and downhole testing at MW2; (c) 2D VP profile from refraction; and (d) 1D VP 

profiles from refraction and downhole testing at MW2. 
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(a) (b) 

Figure 4-18. Ground truth model at TAS: (a) VS and VP profile; and (b) Rayleigh and Love wave dispersion 

curves. 
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(a) (b) 

 

 
(c) (d) 

Figure 4-19. Refraction and downhole testing results at TAB: (a) 2D VS profile from refraction; (b) 1D VS 

profiles from refraction and downhole testing at MW4; (c) 2D VP profile from refraction; and (d) 1D VP 

profiles from refraction and downhole testing at MW4. 
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(a) (b) 

Figure 4-20. Ground truth model at TAB: (a) VS and VP profile; and (b) Rayleigh and Love wave dispersion 

curves. 
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(a) (b) 

 

 
(c) (d) 

Figure 4-21. Refraction and downhole testing results at MTC: (a) 2D VS profile from refraction; (b) 1D VS 

profiles from refraction and downhole testing at MW1; (c) 2D VP profile from refraction; and (d) 1D VP 

profiles from refraction and downhole testing at MW1. 
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(a) (b) 

Figure 4-22. Ground truth model at MTC: (a) VS and VP profile; and (b) Rayleigh and Love wave dispersion 

curves. 
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 4-23. Dispersion curves of surface waves averaged for different source offsets: (a) TAS Rayleigh; (b) 

TAS Love; (c) TAB Rayleigh; (d) TAB Love; (e) MTC Rayleigh; and (f) MTC Love. 
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

  
(g) (h) 

Figure 4-24.  Experimental near-field effects based on normalized offset and phase velocity: (a) and (b) TAS; 

(c) and (d) TAB; (e) and (f) MTC. 

 

0.6

0.7

0.8

0.9

1

1.1

0 0.2 0.4 0.6 0.8 1

N
o
rm

al
iz

ed
 P

h
as

e 
V

el
o
ci

ty

Normalized Distance to First Receiver

TAS_Love TAS_Rayleigh

0.7

0.8

0.9

1

1.1

0 0.2 0.4 0.6 0.8 1N
o
rm

al
iz

ed
 P

h
as

e 
V

el
o
ci

ty

Normalized Distance to First Receiver

TAS_Love_Moving Avg TAS_Rayleigh_Moving Avg

0.6

0.7

0.8

0.9

1

1.1

0 0.2 0.4 0.6 0.8 1N
o
rm

al
iz

ed
 P

h
as

e 
V

el
o
ci

ty

Normalized Distance to First Receiver

TAB_Love TAB_Rayleigh

0.6

0.7

0.8

0.9

1

1.1

0 0.2 0.4 0.6 0.8 1

N
o
rm

al
iz

ed
 P

h
as

e 
V

el
o
ci

ty
Normalized Distance to First Receiver

TAB_Love_Moving Avg TAB_Rayleigh_Moving Avg

0.6

0.7

0.8

0.9

1

1.1

0 0.2 0.4 0.6 0.8 1

N
o
rm

al
iz

ed
 P

h
as

e 
V

el
o
ci

ty

Normalized Distance to First Receiver

MTC_Love MTC_Rayleigh

0.6

0.7

0.8

0.9

1

1.1

0 0.2 0.4 0.6 0.8 1

N
o
rm

al
iz

ed
 P

h
as

e 
V

el
o
ci

ty

Normalized Distance to First Receiver

MTC_Love_Moving Avg MTC_Rayleigh_Moving Avg

0.7

0.8

0.9

1

1.1

0 0.2 0.4 0.6 0.8 1

N
o
rm

al
iz

ed
 P

h
as

e 
V

el
o
ci

ty

Normalized Distance to First Receiver

MTC_Rayleigh_Moving Avg TAB_Rayleigh_Moving Avg

TAS_Rayleigh_Moving Avg

0.7

0.8

0.9

1

1.1

0 0.2 0.4 0.6 0.8 1

N
o
rm

al
iz

ed
 P

h
as

e 
V

el
o
ci

ty

Normalized Distance to First Receiver

MTC_Love_Moving Avg TAB_Love_Moving Avg

TAS_Love_Moving Avg



185 

 

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 4-25. Dispersion curves of surface waves averaged based on source: (a) TAS Rayleigh; (b) TAS Love; 

(c) TAB Rayleigh; (d) TAB Love; (e) MTC Rayleigh; and (f) MTC Love. 
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(a) (b) 

Figure 4-26. An example of Rayleigh wave overtone images at TAS and the corresponding theoretical 

dispersion curves (dashed lines): (a) dx = 1.5 m; and (b) 1.0 m. 

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 4-27. Power spectra of surface waves averaged based on source: (a) TAS Rayleigh; (b) TAS Love; 

(c) TAB Rayleigh; (d) TAB Love; (e) MTC Rayleigh; and (f) MTC Love. 
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(a) 

 
(b) 

 
(c) 

Figure 4-28. Relative energy of records collected with different source types: (a) TAS; (b) TAB; and (c) 

MTC. 
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 4-29. SNR versus distance for Rayleigh and Love waves: (a) TAS; (b) TAB; and (c) MTC. 
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 4-30. Dispersion curves of surface waves averaged based on receiver spacing: (a) TAS Rayleigh; (b) 

TAS Love; (c) TAB Rayleigh; (d) TAB Love; (e) MTC Rayleigh; and (f) MTC Love. 
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(a) (b) (c) 

   
(d) (e) (f) 

   

 
(g) (h) (i) 

Figure 4-31. Inverted Vs profiles from MASRW and MASLW at the sites based on receiver spacing: (a) TAS 

dx = 1.5 m; (b) TAS dx = 1.0 m; (c) TAS dx = 0.5 m; (d) TAB dx = 1.5 m; (e) TAB dx = 1.0 m; (f) TAB dx 

= 0.5 m; (g) MTC dx = 1.5 m; (h) MTC dx = 1.0 m; and (i) MTC dx = 0.5 m. 
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Figure 4-32. Schematic of MTC model 
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 4-33. Dispersion images from 6dx (a) MTC Rayleigh; (b) MTC Love; (c) TAB Rayleigh; (d) TAB 

Love; (e) TAS Rayleigh; and (f) TAS Love. Solid lines are theoretical fundamental and higher modes for 

each model  
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(a) (b) 

  

(c) (d) 

 
(e) 

Figure 4-34. Rayleigh dispersion images at MTC (a) 1dx; (b) 3dx; (c) 6dx; (d) 12dx; and (e) 24dx. 

Fundamental Mode  

Higher Mode 
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(a) 

 
(b) 

 
(c) 

Figure 4-35. Dispersion curves of surface waves based on source offset: (a) TAS; (b) TAB; and (c) MTC. 
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(a) 

  
(b) (c) 

Figure 4-36. Near-field effects of Love waves from the three models (a) numerical, cluster; (b) numerical, 

moving average; (c) field, moving average. 
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(a) 

  
(b) (c) 

Figure 4-37. Numerical near-field effects of Rayleigh waves from two models (a) cluster; (b) numerical, 

moving average; (c) field, moving average. 
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Table 4-1. Properties of the monitoring wells at TAS and TAB. 

ID 
Depth 

(ft) 

Casing 

Type 

Casing depth 

(ft) 

Land Elevation 

(ft) 

MW1 140 6 in steel 27.50 311.37 

MW2 166 6 in steel 50.25 322 

MW3 151 6 in steel 45.75 322 

MW4 100 6 in steel 32.25 311.15 

 

Table 4-2. TAS ground truth velocity model. 

Layer 
Depth 

(m) 

Thickness 

(m) 

VS  

(m/s) 

VP  

(m/s) 

ρ 

(kg/m3) 

1 0-3 3 208 861 1572 

2 3-6 3 344 1859 1899 

3 6-11 5 525 2559 2098 

4 11-16 5 828 3544 2335 

5 16-19 3 1363 4360 2493 

6 >19 - 1522 4360 2493 

 

Table 4-3. TAB ground truth velocity model. 

Layer 
Depth 

(m) 

Thickness 

(m) 

VS  

(m/s) 

VP  

(m/s) 

ρ 

(kg/m3) 

1 0-1 1 192 438 1417 

2 1-3 2 341 865 1573 

3 3-5 2 687 1231 1699 

4 5-8 3 994 1670 1841 

5 8-11 3 1272 3238 2267 

6 >11 - 1610 3863 2401 

 

Table 4-4. MTC ground truth velocity model. 

Layer 
Depth 

(m) 

Thickness 

(m) 

VS  

(m/s) 

VP  

(m/s) 

ρ 

(kg/m3) 

1 0-1.5 1.5 200 443 1419 

2 1.5-2.5 1 509 886 1581 

3 2.5-3.5 1 673 1252 1706 

4 3.5-5 1.5 849 1543 1801 

5 5-8 3 1172 2000 1941 

6 >8 - 1346 2580 2104 
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Table 4-5. Minimum and maximum frequencies and wavelength recovered from different source offsets. 

 

Rayleigh Wave Love Wave 

fmin 

(Hz) 

fmax 

(Hz) 

λmin 

(m) 

λmax 

(m) 

fmin 

(Hz) 

fmax 

(Hz) 

λmin 

(m) 

λmax 

(m) 

T
A

S
 

S
o
u
rc

e 
O

ff
se

t 

1dx 13.7 94.7 1.8 51.0 8.3 76.7 2.7 68.4 

3dx 14.2 99.6 1.7 46.3 8.8 82.0 2.6 67.8 

6dx 14.2 89.8 2.0 49.0 9.3 80.6 2.6 55.8 

12d

x 
13.2 58.1 3.7 58.6 9.8 78.6 2.6 59.5 

24d

x 
16.6 67.9 2.8 46.7 10.3 56.2 3.8 58.4 

T
A

B
 

S
o
u
rc

e 
O

ff
se

t 

1dx 20.0 85.0 2.0 32.6 12.2 99.6 1.8 61.9 

3dx 13.7 85.9 2.0 49.4 13.2 99.6 2.0 55.3 

6dx 13.7 85.9 2.0 59.8 13.2 99.6 2.1 65.4 

12d

x 
15.1 85.4 2.1 58.7 15.0 97.7 2.2 61.1 

24d

x 
15.1 81.5 2.1 59.2 16.1 99.6 2.3 54.8 

M
T

C
 

S
o
u
rc

e 
O

ff
se

t 

1dx 26.4 87.9 3.13 38.83 23.4 75.2 3.06 64.96 

3dx 28.3 92.3 2.23 33.82 25.4 82.0 1.72 48.19 

6dx 27.8 64.0 4.54 35.8 27.8 70.3 3.02 45.65 

12d

x 
28.3 92.8 2.84 39.89 26.9 97.7 2.40 57.88 

24d

x 
PQ* PQ PQ PQ 28.3 78.1 2.83 42.86 

* PQ = poor quality 
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Table 4-6. Minimum and maximum frequencies and wavelength recovered from different source types. 

 

Rayleigh Wave Love Wave 

fmin 

(Hz) 

fmax 

(Hz) 

λmin 

(m) 

λmax 

(m) 

fmin 

(Hz) 

fmax 

(Hz) 

λmin 

(m) 

λmax 

(m) 

T
A

S
 

S
o
u
rc

e 
T

y
p
e 

20-lb 14.2 94.7 1.8 42.9 - - - - 

AWD-0 13.2 17.6 41.1 60.2 - - - - 

Hor. Al. - - - - 8.8 78.6 2.7 67.3 

Hor. Wd. - - - - 8.3 82.0 2.6 68.7 

AWD-15 - - - - 9.8 55.7 2.9 58.8 

AWD-30 - - - - 9.8 50.8 3.8 54.0 

AWD-45 - - - - 10.7 57.1 3.2 54.9 

T
A

B
 

S
o
u
rc

e 
T

y
p
e 

20-lb 14.6 85.9 2.0 52.3 - - - - 

AWD-0 14.2 85.4 2.0 58.6 - - - - 

Hor. Al. - - - - 13.7 99.6 2.1 55.1 

Hor. Wd. - - - - 12.2 84.5 1.7 65.7 

AWD-15 - - - - 13.2 99.6 2.0 63.1 

AWD-30 - - - - 15.1 97.7 2.2 50.5 

AWD-45 - - - - 14.2 99.6 2.1 62.7 

M
T

C
 

S
o
u
rc

e 
T

y
p
e 

20-lb 27.8 84.0 2.9 36.5 - - - - 

AWD-0 27.8 92.8 2.8 37.1 - - - - 

Hor. Al. - - - - 23.4 72.3 2.8 67.4 

Hor. Wd. - - - - 23.9 82.0 1.7 57.2 

AWD-15 - - - - 26.9 97.7 2.5 44.3 

AWD-30 - - - - 25.4 96.7 2.3 60.1 

AWD-45 - - - - 26.4 75.2 3.1 48.9 
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Table 4-7. Minimum and maximum frequencies and wavelength recovered from different receiver spacing. 

 

Rayleigh Wave Love Wave 

fmin 

(Hz) 

fmax 

(Hz) 

λmin 

(m) 

λmax 

(m) 

fmin 

(Hz) 

fmax 

(Hz) 

λmin 

(m) 

λmax 

(m) 

T
A

S
 

d
x 

1.5 m 13.2 22.9 20.9 56.2 8.3 60.5 3.1 69.6 

1.0 m 14.2 79.6 2.2 40.6 11.2 57.1 3.2 39.6 

0.5 m 21.5 99.6 1.7 21.9 14.2 82.0 2.6 22.1 

T
A

B
 

d
x 

1.5 m 13.7 64.9 3.0 58.9 12.2 76.7 3.0 65.6 

1.0 m 16.1 85.9 2.0 37.4 17.1 99.6 2.2 36.1 

0.5 m 20.0 81.5 2.1 20.7 17.1 99.6 2.0 23.2 

M
T

C
 

d
x 

1.5 m 28.3 80.1 4.3 36.9 23.4 67.4 4.0 65.0 

1.0 m 26.4 92.8 2.8 38.2 27.8 78.1 2.8 38.6 

0.5 m 35.2 92.3 2.2 21.2 32.2 97.7 2.4 20.5 
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Table 4-8. Minimum frequency, maximum wavelength and depth of investigation recovered from different 

source offsets. 

 

Rayleigh Wave Love Wave 

fmin 

(Hz) 

fmax 

(Hz) 

λmin 

(m) 

λmax 

(m) 

fmin 

(Hz) 

fmax 

(Hz) 

λmin 

(m) 

λmax 

(m) 

T
A

S
 

S
o
u
rc

e 
O

ff
se

t 

1dx 12.0 66.0 3.0 58.2 10.0 70.0 3.0 48.0 

3dx 15.0 66.0 3.0 46.2 10.0 70.0 3.0 50.0 

6dx 13.0 66.0 3.0 53.7 10.0 63.0 3.5 51.2 

12d

x 
14.0 66.0 3.0 49.5 10.0 63.0 3.5 51.7 

24d

x 
12.0 66.0 3.0 59.4 10.0 64.0 3.3 52.8 

T
A

B
 

S
o
u
rc

e 
O

ff
se

t 

1dx 22.0 81.0 3.1 58.4 20.0 75.0 3.1 47.7 

3dx 23.0 81.0 3.1 57.1 20.0 75.0 3.1 55.3 

6dx 23.0 81.0 3.1 57.0 19.0 75.0 3.1 57.4 

12d

x 
24.0 81.0 3.1 48.4 19.0 75.0 3.1 60.3 

24d

x 
22.0 81.0 3.1 62.7 20.0 75.0 3.1 59.5 

M
T

C
 

S
o
u
rc

e 
O

ff
se

t 

1dx 24.0 73.0 3.0 61.9 21.0 74.0 3.0 43.1 

3dx 25.0 73.0 3.0 60.8 21.0 74.0 3.0 47.4 

6dx 32.0 73.0 3.0 47.8 19.0 74.0 3.0 56.2 

12d

x 
31.0 73.0 3.0 48.1 21.0 74.0 3.0 54.9 

24d

x 
26.0 73.0 3.0 55.0 19.0 74.0 3.0 62.9 
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5 CHAPTER 5 

CONCLUSIONS, RECOMMENDATIONS, AND FUTURE WORK 

5.1 Summary and Conclusions 

The MASW method has been increasingly used for a variety engineering 

application and several studies have explored various aspects of this method. However, the 

methodology itself was only introduced within the last 30 years and certain topics still need 

to be explored further. Such efforts could potentially improve the effectiveness with which 

data is acquired, the quality of data obtained, and the manner in which data is post-

processed and analyzed. This would result in improvements to the resulting VS estimates 

and encourage the use of MASW in practice. 

Given the potential benefits to the MASW methodology, the first objective of this 

study was to quantitatively investigate the role of base plate material in MASW testing 

with Rayleigh waves. This is a topic that had not yet been explored comprehensively and 

so there was a gap in the knowledge base regarding the effects of base plates for MASW. 

Field testing, laboratory experiments, and numerical modeling were therefore performed 

to evaluate the effects of base plate material on the Rayleigh wave generation and 

propagation. Field data collected with different base plates (Al, Al/Rubber, and PE) from 

six sites were statistically evaluated for meaningful changes caused by using different base 

plates. Laboratory experiments with two plates (Al and PE) were also carried out to 

investigate the impact duration and characteristics of the input signal with different base 

plates. These laboratory efforts were used to calibrate a zoomed-in model of the base 

impact problem that consisted of an impact mass, a base plate, and the underlying soil. The 

initial numerical results agreed well with the experimental data, which subsequently led to 
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a parametric study aimed at studying the role of soil/plate stiffness on the characteristics of 

the input signal. 24 combinations of soil-plate stiffness were examined, and the input force 

functions derived from these combinations were propagated into a large-scale domain that 

mimicked a real-size MASW testing setup.  

After a careful examination of the data collected following these efforts, the 

following conclusions were drawn: 

• The PE plate coupled with the 20 lb hammer increased the energy transfer 

by about 20% and the Al/EPDM combination improved it by 6%. 

• Al/EPDM and PE plates produced 15-20% larger signal amplitudes than the 

Al plate. They also improved the signal-to-noise ratio by 7% and 3%, 

respectively. 

• Relative improvements in the dominant frequency and shape factor from 

different base plates were typically less than 5%.   

• The PE plate increased the duration of impact by a factor of 3.5 according 

to the laboratory results.  

• Impact on plates of lower modulus of elasticity tended to contain larger 

contributions from frequency components below 100 Hz.  

• Numerical simulation of the hammer impact showed that softer plates 

increase the duration of impact. Also, the effects of different base plates 

were consistent across different site conditions. In other words, the 

numerical results pointed to no site-specific effects on the way base plates 

alter the input signal.  
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• Experimental measurements showed that plastic-type base plates reduced 

the impact noise pollution by up to 20%.  

These results demonstrate that there are some improvements to be gained from 

using alternative base plates during MASW testing. In this study, the aluminum base plates 

were outperformed by the plastic/rubber base plates with respect to signal quality. 

However, the improvements in terms of dispersion information were practically minimal, 

which signifies that other factors such as wear resistance and noise pollution can play a 

role in the selection of an appropriate base plate for a given site/project. 

The second objective of this study was to investigate the effects of source input as 

well as other survey parameters on Love wave propagation. Rayleigh waves have been 

used more than Love waves and so many aspects of Love wave generation and propagation 

have still not been comprehensively studied. A systematic comparison was made between 

the results from Rayleigh and Love wave testing at three sites that were chosen to represent 

the following subsurface conditions: (1) a normally dispersive (i.e., gradually-increasing 

in stiffness) site; (2) a site with an intermediate bedrock depth (~ 9 m); and (3) a site with 

a shallow (~ 3-5 m) large-contrast interface. The surface wave testing was performed at 

different receiver intervals, source offset locations, and with different active seismic 

sources. Love waves were generated from impacts of a 20 lb hammer on horizontal wooden 

and aluminum base plates. A 51 lb (23 kg) AWD was also used to generate SH-wave with 

impacts at 15°, 30°, and 45° from vertical. To generate Rayleigh waves, the same 20 lb 

hammer and AWD were used with vertical impacts. Additionally, spectral element method 

software was used to model the field domains and propagate both Rayleigh and Love waves 
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through linear arrays. This allowed an additional level of verification for the findings in 

this study and to extrapolate to data acquisition conditions not tested in the field.  

 After the data was processed and analyzed from this part of the study, the following 

conclusions were drawn:    

• Rayleigh waves exhibited greater numerical scatter on the dispersion 

curves, especially at low frequencies (<20 Hz), while Love wave dispersion 

curves were more concentrated. 

• Rayleigh waves were more prone to higher mode excitation than Love 

waves, especially at sites with intermediate to shallow half space layers.  

• The experimental and numerical results suggested a lower retrieved 

minimum frequency (typically 2-6 Hz lower) on the dispersion curves of 

Love waves compared to Rayleigh waves.   

• The fundamental and higher mode Rayleigh waves become more 

distinguishable as the source offset increases. Also, when possible, 

Rayleigh wave MASW with different receiver arrays are recommended to 

be performed to ensure the proper identification of fundamental mode. For 

example, at one of the sites, shorter arrays (dx=1.0 m) showed a clearer 

separation between different modes whereas the conventional receiver 

interval used in many surveys, dx=1.5 m, predominantly captured a higher 

mode. If ground truth models are built from information other than MASW, 

then, a numerical forward model with different receiver setups can help to 

identify the presence and dominance of fundamental/higher mode(s) in 

different receiver spacing scenarios.  



206 

 

• For the longest spread length, the depth of investigation for Love waves in 

the field was 2-9 m deeper than that of Rayleigh waves due to an improved 

low frequency response; this improvement is about 6-26% of the original 

spread length of 34.5 m.  

• The minimum Love wave energy generation from impacts of the AWD at 

different angles was about 65-95% of the maximum energy level 

encountered at a given site. 

• The Rayleigh wave energy from the 20 lb sledgehammer was about 50-70% 

of the energy produced by the mini AWD.  

• Shallow, large-contrast layers amplified the near-field effects in both 

Rayleigh and Love waves and caused up to an additional 10-15% 

underestimation in phase velocity estimations.  

• The minimum distance required to avoid near-field effects was comparable 

for Rayleigh and Love wave testing (~0.3λ). However, at closer source 

locations, Rayleigh waves were about 10% more affected by near-field 

effects than Love waves.  

• At frequencies below 30 Hz, the phase velocities acquired with short arrays, 

dx = 0.5 m, were up to 25% smaller than the phase velocities of long array 

spreads (dx = 1.5 m).  

These conclusions highlight that the differences between Rayleigh and Love wave 

propagation are significant enough to warrant potential modifications to data acquisition 

and/or source configuration when both methods are collocated to ensure that high quality 

data is acquired.   
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5.2 Limitations of This Study 

This section discusses the limitations of the current study and provides suggestions 

for future research. Some of the limitations discussed pertain to logistical constraints such 

as time and budget limitations. Others are because of the data-processing methods adopted.  

1. All the analysis carried out in this study was based on extracting fundamental mode 

energy, therefore higher modes were filtered out. Higher modes are more sensitive 

to VS changes and can improve the depth of penetration (Xia et al. 2000). As visible 

on the dispersion images discussed in this study, higher modes were readily excited 

with Rayleigh waves at sites with an intermediate to shallow, large-velocity 

contrast. On the other hand, Love wave dispersion images were dominated by the 

fundamental mode regardless of the subsurface situation. Therefore, the 

comparison between Rayleigh and Love waves was only made based on the 

fundamental mode energy, and the full velocity spectrum (e.g., Dal Moro 2015) of 

the two types of surface waves was not included in the analysis. The 

recommendations presented here may not apply if the totality of overtone images 

is considered. For instance, inverting higher mode surface waves can improve the 

depth of investigation (Xia et al. 2000) and therefore, a simultaneous inversion of 

fundamental-higher Rayleigh wave may present a deeper depth of investigation 

comparing to a Love wave inversion that is only based on the fundamental mode.        

2. All the conclusions drawn from the second objective were based on Rayleigh and 

Love wave testing at three sites with a limited number of source offsets (5) and 

array lengths (3). While these offsets and array lengths represent commonly used 

survey parameters, and the field sites represented a range of conditions, the 
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conclusions from this study need to be verified at a larger number of sites, with 

additional source offsets, and spread lengths.  

3. Two types of impact sources were used to collect surface waves: a sledgehammer 

and an accelerated weight drop. In addition to these two common types of active 

sources, swept vibroseis sources are also used to generate ground roll. In fact, a 

swept source with customizable frequency and amplitude may be preferred over 

impulsive sources (Park et al. 1999). Swept sources can be optimized depending on 

the target, while the impulsive source data needs to be decomposed into the swept-

frequency format to extract phase velocity-frequency relationship (Park et al. 

1999). The use of base plates is not common with vibroseis sources. However, 

vibroseis sources can be used to generate Love waves. By focusing on a particular 

frequency band, it may be possible to generate higher quality data for comparison 

between Rayleigh and Love waves. 

4. Seismic anisotropy was not modeled in the simulation of Rayleigh and Love wave 

propagation. This could have caused some of the discrepancies between the field 

and numerical results. Although measuring anisotropy in the field is challenging, 

some degree of anisotropy needs to be incorporated in a numerical simulation to 

mimic subsurface more realistically. This is not a trivial task as numerical 

simulation of anisotropy introduces other parameters that must be quantified for the 

geologic material being studied.  

5. Uncertainty and repeatability: the uncertainty of dispersion-analysis of surface 

waves primarily comes from the extraction of dispersion curves from overtone 

images. A previous study showed that dispersion curves manually extracted by 
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different analyst (operators) could differ by 5-10% (Foti et al. 2017). However, in 

this study, the extraction of maxima was accomplished by the automatic picking 

algorithm of the processing software which minimizes the involvement of user.   

This study did not quantify changes in dispersion behavior created by lack of 

repeatability in the recorded wavefields. One approach to account for the variability of 

results is to aggregate dispersion curves acquired from different source locations for the 

same array (Foti et al. 2017). In fact, this approach was taken in this study and all the 

conclusions were made based on the “average” representative dispersion curves. Moreover, 

the variability of records acquired by repeated shots with the same layout created by 

fluctuations in additive white noise and geometrical uncertainties. Although the 

repeatability of measurements has not been explicitly assessed in this study, O’Neil (2003) 

carried out a comprehensive study on the repeatability of surface wave measurements. 

O’Neil (2003) highlighted that the most influential source of variations on dispersion 

curves is the white noise, and that the dispersion variations induced by geophones coupling 

and tilt error were an order of magnitude less. Overall, though there was some site 

dependency in O’Neill (2003), the results indicated that at frequencies greater than 

approximately 30 Hz, the dispersion behavior is repeatable to within 1%. Subsequently, 

dispersion variations increase nonlinearly with decreased frequency and reach about 8-10% 

at about 10 Hz.       

5.3 Recommendations and Future Work 

The conclusions drawn previously point to some practical recommendations. 

Plastic base plates are suitable for use in residential or other noise-sensitive areas where 

seismic testing is to be performed. Love wave testing is strongly recommended when 
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Rayleigh wave MASW shows a mode-splitting/mixed-mode behavior. Promising Love 

wave dispersion curves can be acquired with minimally inclined strikes as little as 15° from 

vertical. This suggests that Love wave MASW can be performed even with the same base 

plate used for Rayleigh wave testing and in the absence of a horizontal base plate. Also, 

the near-field effects are less of a concern for Love waves and the minimum offset to avoid 

near-field effects should be checked with Rayleigh waves.  

Based on the results from this study, plastic/rubber base plates have strong potential 

to be used as alternatives for the conventional metallic plates. The second part of the study 

also revealed some critical information about Love waves and how they are compared to 

Rayleigh waves. Still, certain areas can be explored further in future studies. Based on the 

scope of the current study and the results, the following recommendations are proposed:  

1. As discussed in the limitations section, the scope was limited to fundamental mode 

dispersion curves of Rayleigh and Love waves. However, as observed in both 

experimental and numerical results, certain sites (e.g., shallow bedrock) or source 

offset locations can strongly excite higher modes in both Rayleigh and Love waves. 

A multimodal inversion scheme would be useful as it shows how higher modes can 

influence the inverted profiles. Higher modes can change the depth of investigation. 

Systematic research is recommended where the effects of base plates, source 

configuration, and data acquisition parameters are examined within the context of 

higher mode excitation. The proposed research can be initiated in a pure numerical 

framework to perform parametric modeling and later be expanded into full-scale 

experimental testing based on field sites similar to those modeled.      
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2. Future studies can expand the numerical efforts of the present study. For instance, 

a promising area for future studies is to develop a numerical framework by which 

the effects of seismic anisotropy on Love versus Rayleigh wave propagation can be 

explored. Rayleigh and Love wave propagation in domains with different levels of 

anisotropy would highlight how anisotropy affects multiple aspects of surface wave 

testing, including inversion results, depth of investigation, and near-field effects.  

3. Another aspect regarding the nature of the model domain is lateral heterogeneity. 

The input velocity models could be modeled more realistically if the natural spatial 

variability of geologic material is taken into the consideration. The input models 

used in the present study were all idealized, flat-layered earth models with laterally 

contiguous stratigraphy. However, the boundaries between layers in natural 

conditions can be ambiguous, non-uniform, and encompass zones of stiffness 

variability up to 20% within the strata. The development of such models using 

random field theory would mimic the surface wave propagation under more 

realistic subsurface conditions. 

4. Finally, the numerical modeling of wave propagation was carried out in a 2D 

domain. Specifically, SH-waves were produced from a pure-horizontal Ricker 

wavelet perpendicular to the plane of domain. In contrast, the field is a truly 3D 

configuration. 3D off-axis features could certainly impact signal quality in a 

manner not currently accounted for in this study. Future research can focus on wave 

propagation in 3D fields where surface waves are produced with force functions 

angled at different angles. This would allow further insights into base plate effects 

and fundamental differences between Rayleigh and Love wave propagation. 
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Obviously, 3D models increase the computational efforts by orders of magnitude 

and would require the use of High-Performance Computing (HPC) machines. 

However, such efforts would be warranted to ensure optimal Love wave survey 

design, particularly in cases with shallow rock interfaces. 
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