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Abstract

The small-strain damping ratio plays a crucial role in assessing the response of soil
deposits to earthquake-induced ground motions and general dynamic loading. The
damping ratio can theoretically be inverted for after extracting frequency-dependent
Rayleigh wave attenuation coefficients from wavefields collected during surface wave
testing. However, determining reliable estimates of in situ attenuation coefficients is
much more challenging than achieving robust phase velocity dispersion data, which
are commonly measured using both active-source and ambient-wavefield surface
wave methods. This article introduces a new methodology for estimating frequency-
dependent attenuation coefficients through the analysis of ambient noise wavefield
data recorded by two-dimensional (2D) arrays of surface seismic sensors for the
subsequent evaluation of the small-strain damping ratio. The approach relies on the
application of an attenuation-specific wavefield conversion and frequency-domain
beamforming. Numerical simulations are employed to verify the proposed approach
and inform best practices for its application. Finally, the practical efficacy of the
proposed approach is showcased through its application to field data collected at a
deep, soft soil site in Logan, Utah, USA, where phase velocity and attenuation
coefficients are extracted from surface wave data and then simultaneously inverted
to develop deep shear wave velocity and damping ratio profiles.
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Introduction

The small-strain shear modulus (G,,.,) and small-strain damping ratio (D) form the start-
ing point for many soil constitutive models and play a crucial role in assessing the response
of soil deposits to earthquake-induced ground motions and general dynamic loading. G,
is directly related to the in situ shear wave velocity (V), and it represents the soil stiffness
and its resistance to deformation under applied shear stress. D characterizes the energy dis-
sipation properties of the material at small strains. The influence of D on the amplitude
and frequency content of seismic waves has been recognized since at least 1940 (Ricker,
1940), with subsequent research establishing it as a pivotal parameter for seismic site
response studies and for modeling ground-borne vibrations (e.g. Anderson et al., 1996;
Foti et al., 2021; Papadopoulos et al., 2018; Tao and Rathje, 2019). Despite its significance,
the in situ estimation of D has received far less attention when compared to measurements
of V (Parolai, 2014). D can theoretically be inverted for after extracting frequency-
dependent Rayleigh wave phase velocity and attenuation coefficients (o) from wavefields
collected during surface wave testing (Foti, 2004; Lai, 1998). However, in situ a-values are
generally much more difficult to reliably measure than phase velocities (Haendel et al.,
2016; Parolai et al., 2022), which are commonly measured using both active-source and
ambient-wavefield surface wave methods.

This article introduces a new noninvasive method to estimate frequency-dependent
Rayleigh wave « using ambient noise wavefield data collected with two-dimensional (2D)
arrays of surface seismic sensors for the subsequent evaluation of D. The approach relies
on frequency-domain beamforming (FDBF) and applies an attenuation-specific wavefield
conversion, known as the FDBFa approach. While Aimar et al. (2024a) previously used
this approach for active-source surface wave testing, it has not been applied to ambient
noise surface wave testing. In this article, we introduce a new method called the noise
FDBFa (NFDBFa) approach and document its development and application.

The subsequent sections of this article are organized as follows: first, we cover impor-
tant background information on attenuation and damping. Second, we present a concise
overview of the FDBF technique introduced in the work by Lacoss et al. (1969) and the
FDBFa wavefield conversion methodology proposed in the work by Aimar et al. (2024a),
along with the integration of these methods within our proposed NFDBFa approach.
Then, synthetic studies are presented to showcase the capabilities of the proposed
NFDBFa approach and inform best practices for its application. The synthetic studies
offer valuable insights into the influence of 2D array size and proximity to noise sources
on attenuation estimates. For example, it is demonstrated that the optimal 2D ambient
noise array design principles for attenuation estimation differ from the principles govern-
ing 2D array design for phase velocity estimation. Finally, we demonstrate the practical
utility of our proposed NFDBFa technique through a field application at a deep, soft soil
site in Logan, Utah, USA. In this field application, phase velocity and attenuation coeffi-
cients are extracted from surface wave data and then simultaneously inverted to develop
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deep V, and D profiles. The good agreement observed between the attenuation estimates
derived from our new NFDBFa technique and those obtained through the standard
FDBFa analysis of active-source data collected using the multichannel analysis of surface
waves (MASW) provide compelling evidence of the effectiveness of our new ambient noise
approach.

Background

Seismic wave attenuation is commonly attributed to three mechanisms: material damping,
geometric spreading, and apparent attenuation (Zywicki, 1999). Material damping, or ane-
lastic attenuation, arises from the collective interaction of diverse mechanisms (Johnston
et al., 1979). These factors encompass frictional losses among solid particles and fluid flow
losses due to the relative motion between solid and fluid phases, a phenomenon particu-
larly notable in coarse-grained soils (Biot, 1956; Walsh, 1966, 1968; Stoll, 1974). Fine-
grained soils, however, showcase more intricate phenomena influenced by electromagnetic
interactions between water dipoles and microscopic solid particles (Lai, 1998). This intrin-
sic material damping is typically approximated as frequency-independent (i.e. hysteretic),
particularly within the frequency range spanning 0.1-10 Hz (Aki and Richards, 1980;
Shibuya et al., 1995), commonly considered in seismic site response studies. However, the
assumption that material damping is frequency-independent is debated in the literature, as
discussed in the work by Lai and Ozcebe (2016) and the references therein.

The attenuation of seismic waves due to material damping in a continuum is related to
the damping ratios of both compression waves (D,) and shear waves (D,). Researchers
have proposed widely variable assumptions about the relationship between D, and D, with
many simply assuming D; equal to D, (Aimar et al., 2024b; Badsar et al., 2010; Verachtert
et al., 2018), some assuming D, less than D, (Bergamo et al., 2023), and some D, greater
than D, (Xia et al., 2002). Although theoretically, D, can be less than, equal to, or greater
than D, depending on soil types and conditions (e.g. degree of saturation) (Menq, 2003;
Winkler and Nur, 1982), these assumptions have typically been made somewhat arbitrarily
due to a lack of in-depth studies that provide guidelines on how to accurately measure or
reasonably assume in situ D, and D, values. The damping ratio (D) is commonly used in
engineering, while its inverse, the quality factor (Q), where Q ~! = 2D, is more prevalent in
seismological and geophysical literature (Foti, 2004). Q, being the inverse of D, also differs
for compressional waves (Q,) and shear waves (Q,).

Geometric or radiation damping involves the spread of a fixed amount of energy over a
broader area or volume as the wavefront moves away from the source. Take, for instance,
a harmonic unit point load applied along the normal direction to the surface of a homoge-
neous and isotropic half-space; this perturbation generates both body waves and Rayleigh
waves. The body waves propagate radially from the source, forming a hemispherical wave
front, while Rayleigh waves travel outward along a cylindrical wave front. As these waves
travel, they traverse an expanding volume of material, leading to a decrease in energy den-
sity as the distance from the source increases. In the interior of the half-space, the ampli-
tude of the body waves attenuates in proportion to ~! (where r is the radial distance from
the source). However, along the surface of the half-space, the amplitude of body waves
attenuates proportionally to »—2. Conversely, the amplitude of the Rayleigh waves attenu-
ates as 7~°3 (Ewing et al., 1957; Lamb, 1904; Richart et al., 1970). Consequently, at sub-
stantial distances from the surface source, the dominant influence on overall particle
motion stems from the surface wavefield (Lai, 1998). It is worth mentioning that these
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geometric spreading rules do not hold with transient waveforms (Keilis-Borok, 1989) or
non-homogeneous media (Lai, 1998).

Apparent attenuation includes wave scattering, which arises from the interaction of
waves with heterogeneities along the seismic path (O’Doherty and Anstey, 1971; Spencer
et al., 1977), and the reflection and transmission of seismic waves at interfaces and mode
conversions (Rix et al., 2000). Therefore, apparent attenuation is highly site-specific and
difficult to generalize.

Multiple approaches have been proposed to characterize the attenuation of seismic
waves. One such technique involves the spectral decay parameter, kappa (x), which
describes the amplitude decay of the ground-motion acceleration spectrum at high frequen-
cies. k and its site-specific and source/path components encapsulate various damping
mechanisms, including material damping and wave scattering (e.g. Anderson and Hough,
1984; Ktenidou et al., 2015; Parolai et al., 2022). Laboratory tests and in situ methods have
also been proposed to estimate D. Laboratory tests, such as the resonant column (ASTM
D4015-21), are valuable for parametrically studying the material/intrinsic damping ratio,
but they cannot capture the other two mechanisms contributing to the attenuation of seis-
mic waves in situ. Conversely, the damping ratio estimates obtained using in situ methods
are generally influenced by all the seismic wave damping mechanisms mentioned above
(Parolai et al., 2022). In situ methods also have the advantage of assessing soil characteris-
tics in their natural and undisturbed state (Rix et al., 2000). In addition, in situ tests encom-
pass a greater soil volume, effectively reducing result biases that might arise from localized
variations in soil properties (Badsar et al., 2010). Furthermore, they provide parameter
estimates on a spatial scale relevant to common engineering applications (e.g. Comina
et al., 2011). In the scope of estimating D, in situ methods can be dissected into two cate-
gories: invasive and noninvasive methods. Invasive methods encompass techniques, such
as cross-hole testing (Hall and Bodare, 2000; Jongmans, 1990) and downhole testing
(Crow et al., 2011; Michaels, 1998). Noninvasive methods, particularly surface wave tech-
niques, offer numerous advantages. By situating sensors at the ground surface, surface
wave methods accelerate data acquisition, minimize costs, streamline validation of soil—
receiver coupling, and encompass a frequency range closely aligned with those pertinent to
earthquake engineering applications (Parolai et al., 2022; Rix et al., 2000; Verachtert et al.,
2018).

Surface wave testing became popular in the 1980s as an effective way to non-invasively
develop 1D layering and V profiles for both soil deposits and pavement systems (e.g.
Nazarian et al., 1983; Stokoe et al., 1989). Typically, the use of surface wave methods
involves acquiring experimental phase velocity dispersion data through active-source
methods, ambient noise methods, or a combination of both (Tokimatsu, 1995). These dis-
persion data are then inverted to obtain layered subsurface models, with the primary goal
of resolving changes in V. The combined use of active-source and ambient noise methods
facilitates the generation of dispersion data across a wide frequency range, which enables
resolution of both near-surface and deeper layers. Active sources predominantly produce
energy concentrated at higher frequencies, typically ranging from several Hertz to perhaps
100 Hz, with limited energy generation below 5-10 Hz for small sources such as sledge
hammers and lightweight drop weights. Consequently, the effective profiling depth using
active-source methods is often constrained to approximately 15-40 m, contingent on the
subsurface velocity and source mass (Foti et al., 2018). The primary hindrance to achiev-
ing increased penetration depths lies in generating lower frequency (i.e., longer wave-
length) waves with affordable and highly portable sources. This difficulty is circumvented
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by ambient noise methods, which do not involve the active generation of wave energy.
Instead, they rely on ground motions induced by cultural noise and microtremors (i.e.,
ambient noise), encompassing an abundance of low-frequency components (Lai, 1998).
Consequently, ambient noise surveys offer valuable insights for deep characterization,
extending to depths of hundreds of meters or more (Foti et al., 2014; Teague et al., 2018).
Nevertheless, the spectral power of microtremors is generally low at higher frequencies
(Peterson, 1993), which limits their ability to resolve changes in stiffness near the ground
surface (Foti et al., 2014; Tokimatsu, 1995). Combining both active and ambient noise
measurements offers a solution to overcome this limitation.

Ambient noise surveys typically employ 2D arrays of surface seismic sensors due to the
a priori unknown location of the ambient noise sources. Unlike linear arrays, 2D arrays
allow for the determination of wave propagation direction, which is necessary for resolving
the true phase velocity (Cox and Beekman, 2011). While 2D ambient noise array measure-
ments have been referred to using several names, in this article, we will refer to them as
microtremor array measurements (MAM; Ohrnberger et al., 2004; Teague et al., 2018).
A schematic representation of a typical survey using both active and ambient noise arrays
is presented in Figure la. The active-source array in Figure la is in accordance with the
MASW method (Park et al., 1999), using a linear array of receivers to capture the wave-
field generated by active sources off each end of the array. Example waveforms recorded
by 24 receivers placed in-line with one of the active sources to the left of the array are
depicted in Figure 1b. The ambient-wavefield array depicted in Figure 1a is in accordance
with MAM testing, where surface sensors are deployed in a 2D circular pattern (note that
other 2D geometries are also permissible). Example ambient noise waveforms recorded by
nine sensors in the circular array are depicted in Figure 1d. Figure 1c schematically illus-
trates phase velocity dispersion data that are commonly extracted from active-source
MASW waveforms and ambient noise MAM waveforms using various well-known wave-
field transformation techniques (Vantassel and Cox, 2022). Examples of these techniques
include FDBF (Lacoss et al., 1969), high-resolution frequency-wavenumber (f-k) spectrum
analysis (Capon, 1969), cylindrical FDBF (Zywicki, 1999; Zywicki and Rix, 2005), and
Rayleigh three-component beamforming (Wathelet et al., 2018). The combined dispersion
data from MASW and MAM span a wide frequency range, encompassing both low fre-
quencies obtained from the MAM testing and high frequencies obtained from the MASW
testing, with some overlap in between. The phase velocity dispersion data are then typically
used to solve the parameter identification problem (i.e. inversion) and obtain 1D ¥V pro-
files of the subsurface (Foti et al., 2018; Vantassel and Cox, 2021). Note that the inversion
step and resulting V; profiles are not illustrated schematically in Figure 1.

As noted above, much more effort has been devoted to extracting phase velocity infor-
mation from surface wave approaches than to extracting attenuation information.
Nonetheless, multiple active-source methods have been developed to estimate the attenua-
tion of surface waves. The methods introduced in the work by Lai (1998), Lai et al. (2002),
Rix et al. (2000), Xia et al. (2002), and Foti (2004) are founded on assessing the spatial
decay of Rayleigh waves, a phenomenon that is influenced by both D, and Dj, as described
in the work by Aki and Richards (1980). These approaches assume the dominance of a sin-
gle Rayleigh wave mode of propagation. Consequently, they might yield inaccurate results
in soil profiles where multiple surface wave modes significantly contribute to the wavefield
propagation (Rix et al., 2001). Badsar et al. (2010) introduced the half-power bandwidth
method, originally developed in the field of mechanical and structural dynamics to deter-
mine the modal damping ratio of a structure, to assess Rayleigh modal attenuation by
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Figure 1. Schematic illustrating the data acquisition and processing stages of active-source and ambient-
wavefield surface wave testing used to extract phase velocity and phase attenuation data. Panel (a)
presents a typical acquisition setup consisting of concentric MASW and MAM arrays, featuring active
sources for the MASW array and an ambient wavefield for the MAM array. Panel (b) shows waveforms
from a single active-source location collected using the MASW array, while Panel (c) presents the
combined phase velocity dispersion data resulting from MASW and MAM FDBF processing. Panel (d)
depicts the ambient noise waveforms collected from the MAM array. In Panel (e), phase attenuation data
processed through active-source FDBFa and ambient-wavefield NFDBFa techniques are illustrated.

analyzing the width of the Rayleigh peaks in the f~k domain. Verachtert et al. (2018)
employed the circle-fit method, originally developed to determine eigen frequencies and
modal damping ratios in structural dynamics (Ewins, 1984) and to estimate multimodal
Rayleigh dispersion and attenuation curves. Both the half-power bandwidth and circle-fit
methods facilitated the determination of modal attenuation curves from multimode wave-
fields (Verachtert et al., 2018). Recently, Aimar et al. (2024a) introduced an innovative
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technique that combines a novel wavefield conversion approach coupled with FDBF
(Lacoss et al., 1969) for processing active-source data collected using MASW to estimate
the frequency-dependent a-values. They called this the FDBF attenuation (FDBFa)
method. Notably, the wavefield conversion proposed in the work by Aimar et al. (2024a)
to extract « differs from the conventional wavefield transformations commonly used to go
from the time—distance domain to the f~k domain, as detailed in the following section. To
avoid confusion, we will refer to the wavefield transformation proposed in the work by
Aimar et al. (2024a) as “wavefield conversion,” while reserving the term “wavefield trans-
formation” specifically for the more common f-k domain transformations used to extract
phase velocity data.

While important research on extracting phase attenuation coefficients using active-
source methods is ongoing, similar to phase velocity data, combining active-source and
ambient noise methods is desirable for resolving attenuation data over a broader fre-
quency band. The majority of ambient noise techniques aimed at estimating the attenua-
tion of surface waves were developed for regional scale estimation (Haendel et al., 2016;
Parolai et al., 2022). Only a limited number of approaches have considered local scales
that hold relevance for engineering purposes, such as site-specific seismic ground response
analyses or dynamic vibration studies. These local-scale approaches are predominantly
based on retrieving attenuation properties from the cross-correlation of seismic noise (e.g.
Albarello and Baliva, 2009; Haendel et al., 2016; Parolai, 2014). Albarello and Baliva
(2009) proposed a methodology that reconstructs the Green’s function based on the tem-
poral derivative of averaged cross-correlations from noise recordings obtained by pairs of
geophones, thereby incorporating attenuation effects into the process. They further vali-
dated this approach by demonstrating its potential in estimating attenuation coefficients
at two distinct sites. Parolai (2014) estimated the Rayleigh phase velocity and attenuation
coefficients by fitting a damped zero-order Bessel function, introduced in the work by
Prieto et al. (2009), using data generated from the space correlation function introduced
by Aki (1957). To mitigate the impact of uneven source distribution on cross-correlations,
Haendel et al. (2016) employed a higher-order noise cross-correlation technique to extract
the phase velocity and attenuation coefficient of Love waves. They illustrated that their
approach yields correlation functions with higher signal-to-noise ratios (SNRs) compared
with simple noise cross-correlations.

The importance of seismic noise cross-correlation methods cannot be underestimated.
Nonetheless, in theory, the reconstruction of the full Green’s function requires the noise
wavefield energy to be equally partitioned in all directions (Sanchez-Sesma and Campillo,
2006; Snieder et al., 2007). This is a highly specific condition that is rarely met rigorously
by ambient noise on Earth (Cupillard and Capdeville, 2010; Haendel et al., 2016; Tsai,
2011). Furthermore, while travel time measurements from cross-correlation of ambient
noise are theoretically understood, amplitude measurements lack a corresponding theoreti-
cal background, except when the noise is equipartitioned (Snieder et al., 2007; Tsai, 2011).
Studies by Cupillard and Capdeville (2010) and Tsai (2011) have shown that attenuation
estimates using cross-correlations are significantly influenced by the distribution of the
noise sources. In light of the challenges posed by the equipartitioning condition for the
reconstruction of the full Green’s function in ambient noise studies (Sanchez-Sesma and
Campillo, 2006; Snieder et al., 2007), and considering the limitations highlighted in the
work by Cupillard and Capdeville (2010) and Tsai (2011) regarding the influence of noise
source distribution on attenuation estimates, we introduce a paradigm-shifting approach
herein for calculating attenuation coefficients from ambient noise. This novel method not
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only eliminates the need for an equipartitioned noise wavefield but also remains robust in
the face of uneven noise source distribution, marking a departure from existing
methodologies.

This article builds upon Aimar et al.’s (2024a) work on developing an FDBFa tech-
nique for estimating « from active-source MASW testing and expands the FDBFa
approach to ambient noise data recorded using MAM. Importantly, using an FDBF
approach enables the actual direction of ambient noise propagation to be determined for
each noise window and frequency, and does not require equipartitioning of ambient noise
energy. Furthermore, using an FDBF approach enables the phase attenuation data gener-
ated from MASW and that from MAM to be combined to generate phase attenuation
data spanning a broader frequency range, as illustrated schematically in Figure le. The
experimental dispersion and attenuation data can then be combined and inverted to deter-
mine not only the ¥ profile but also the D profile of the subsurface to greater depths.
This inversion of dispersion and attenuation data to obtain V; and D profiles can be car-
ried out either sequentially, as demonstrated in the work of Rix et al. (2000), or simultane-
ously, as shown in the work by both Lai (1998) and Aimar et al. (2024b).

Woavefield conversion proposed by Aimar et al. (2024a)

The method introduced in the work by Aimar et al. (2024a) to estimate Rayleigh wave
attenuation («) assumes that the recorded wavefield is dominated by planar surface waves,
specifically Rayleigh waves observed in the far field, with a dominant propagation mode.
Several techniques have been developed to estimate the wavenumber (k) and therefore the
phase velocity from such wavefields (e.g. Capon, 1969; Lacoss et al., 1969; Wathelet et al.,
2018; Zywicki and Rix, 2005). Aimar et al. (2024a) harnessed this concept and introduced
a novel wavefield conversion approach that provides a pathway for calculating « using
methods from existing literature originally developed for estimating k. The methodology
involves converting the recorded wavefield into a function interpreted as a pseudo-wave.
This pseudo-wave exhibits dispersion characteristics reflecting the phase attenuation of the
original wave. The determination of « then becomes straightforward through the applica-
tion of existing techniques for estimating k.

Consider the harmonic, exponentially decaying displacement wavefield, U(r), depicted
in Figure 2a and expressed by Equation 1. This wavefield is observed at several discrete
distances at a specific moment in time and is induced by the passage of a monochromatic
plane wave. Within this wavefield, o governs the amplitude decay resulting from material
damping in accordance with a viscoelastic constitutive model with no geometric spreading.
When the wavefield is plotted as log amplitude versus radial distance (r) from the source,
the slope of the amplitude decay is «, as illustrated in Figure 2b. When the wavefield is
plotted as phase angle versus r, k denotes the slope of the unwrapped phase (i.e. the linear
phase shift), as shown in Figure 2c. Aimar et al. (2024a) proposed raising the recorded
wavefield, U(r), to the power of the imaginary number, i (see Equation 2). Consequently,
a pseudo-displacement wavefield, v(r), is generated, wherein the wavenumber is modulated
by «, signifying that when the unwrapped phase of the converted wavefield is graphed
against radial distance, the slope of that phase corresponds to the value of a (refer to
Figure 2d). Conversely, when the log amplitude of the converted wavefield is plotted
against distance, the slope manifests as k, with an inverted sign (refer to Figure 2¢). This
wavefield conversion allows for estimating « using any of the already established and com-
mon wavefield transformation techniques for calculating k (e.g. f~k or FDBF methods):
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U(}") — efarefikr (1)
v(r)=U(r) = e el (2)

This wavefield conversion can also be extended to a broadband wavefield, comprising a
superposition of monochromatic plane waves by exponentiating the wavefield in the fre-
quency domain with the power of the imaginary number. To address numerical artifacts
introduced by the wrapped phase on the pseudo wavefield, Aimar et al. (2024a) recom-
mended normalizing v(r) by its amplitude on a frequency-by-frequency basis. Aimar et al.
(2024a) showed that this wavefield conversion can be successfully applied to active-source
wavefields recorded using MASW as a means to estimate «. In this article, we extend this
approach to estimate « from ambient noise wavefields recorded using MAM arrays,
employing the FDBF technique introduced in the work by Lacoss et al. (1969).

Noise frequency-domain beamforming—attenuation

The inherent challenge in ambient noise measurements stems from the lack of a priori
information about the source location or the direction of wave propagation, necessitating
the use of spatial 2D arrays to determine the noise propagation directions during post-
processing (Zywicki, 1999). As ambient noise wavefields operate in two spatial dimensions
(e.g. x and y), it is necessary to represent the wavenumber using 2D vectors (Johnson and
Dudgeon, 1993; Zywicki, 1999), like k= ki+k, ), and i and j are unit vectors in the x and
y directions, respectively. Similarly, @ is also expressed as a 2D vector (i.e. @ =axl+ay, ))
in this article. Beamforming refers to a diverse set of array processing algorithms that con-
centrate the signal-capturing capabilities of the array in a specific direction. The funda-
mental concept behind beamforming is straightforward: when a propagating signal exists
within an array’s aperture, the outputs of the sensors, delayed by appropriate amounts
and added together, enhance the coherent signal while mitigating the incoherent signal
from waves propagating in different directions. The delays that enhance the signal are
directly linked to the time it takes for the signal to travel between sensors (Johnson and
Dudgeon, 1993). Delays in the time domain correspond to linear phase shifts in the fre-
quency domain, providing information about the wavenumber. FDBF calculations are
exclusively performed within the frequency domain. Applying FDBF to the original wave-
field, U(r), provides information about k, which informs the estimation of the phase velo-
city. This article aims to demonstrate that applying FDBF to the converted, normalized
pseudo-wavefield, v(r), informs the estimation of @. Henceforth, in this article, we will
denote FDBF applied to the converted noise wavefield as NFDBFa, emphasizing its role
in estimating the phase attenuation from ambient noise.

In the NFDBFa approach, the first step is to partition the noise data collected by a 2D
array of m sensors into B time windows. The m sensors are located at the ground surface at
coordinates (x;, y;) denoted by the vector r;, where i varies from 1 to m. For each time win-
dow, Fourier spectra are calculated. Following this, the complex number at each frequency
in the spectra is exponentiated to the imaginary power. Then, each exponentiated complex
number is normalized by dividing it by its absolute amplitude. This process is conducted to
obtain the normalized spectra of the pseudo-wavefield (Aimar et al., 2024a). These spectra
are then used to compute the Hermitian symmetric spatio-spectral correlation matrix, R
with i and j representing indices of the m sensors in the 2D array, using Equation 3:

ij>
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Figure 2. Schematic illustrating the wavefield conversion approach proposed in the work by Aimar et
al. (2024a) to extract attenuation coefficients («). Panel (a) displays the particle displacement of a
monochromatic plane wave experiencing exponential amplitude decay with distance, indicative of
material damping in a viscoelastic constitutive model. Panel (b) depicts linear amplitude decay in log
amplitude versus linear distance space, where the slope represents the phase attenuation coefficient. In
Panel (c), the slope of the unwrapped phase, corresponding to the wavenumber (k), is shown. Panel (d)
illustrates that the unwrapped phase slope is equal to the phase attenuation coefficient in the converted
wavefield. Panel (e) showcases the control of the slope of the log amplitude decay with linear distance by
the wavenumber, albeit with an inverted sign.

1 B
Ryj(w) = EZ Vi @)V}, (@) (3)
n=1

where R;;(w) is the averaged pseudo cross-power spectrum between the ith and jth sensors
in the array across all windows, v; ,(w) is the normalized pseudo-spectra of the ith sensor’s
data in the nth window, * indicates complex conjugation, and w is the angular frequency.
Despite being frequency-dependent, the spatio-spectral correlation matrix conveys spatial
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wavefield properties. Power within specific frequency-phase attenuation (f-«) pairs is deter-
mined by steering the array toward various directions and phase attenuation values. Array
steering involves exponential phase shift vectors determined by trial e values in pseudo-
space, as given by Equation 4:

e(@)= [exp(—ia.ry), ..., exp(—ia.ry)]" (4)

where e(a) is a steering vector associated with a trial @ and T denotes the transpose of the
vector. The power in a particular f-a pair, Pyrppr.(@, @), is estimated by multiplying
Rjj(w) by e(a) and summing the total power over all sensors, as given by Equation 5:

Pyrppra(@, ) = e (a)R;j(w)e(a) (5)

where H indicates the Hermitian transpose. The steering vectors aim to align the array
with plane waves propagating from a specified direction and phase attenuation for each
frequency. The successful alignment results in a peak within the Pyrppr.(@, @) pseudo-
spectrum estimate. Thus, the NFDBFa technique presented herein allows for estimating «
from ambient noise data without requiring an equipartitioned wavefield.

Even though there are similarities between the FDBFa method proposed in the work by
Aimar et al. (2024a) for estimating « using an MASW test setup and the NFDBFa method
introduced in this study, there are notable differences between the two. Part of the differ-
ence is a consequence of the inherent dissimilarities between MASW and MAM. In the
FDBFa method, the source location is predetermined and the array is aligned with the
source, simplifying the problem and enabling the use of wavefield transformations, such as
cylindrical FDBF (Zywicki and Rix, 2005). Moreover, the SNR can be readily enhanced
by time-domain or frequency-domain stacking, as advocated in the work by Foti et al.
(2018) and Vantassel and Cox (2022). In addition, dispersion and attenuation uncertainties
can be quantified using the multiple source offset approach proposed in the work by Cox
and Wood (2011). In contrast, the NFDBFa approach developed in this study encounters
distinct challenges, primarily arising from the a priori unknown location of the source(s).
This necessitates the utilization of 2D arrays and involves azimuthally scanning the 2D
space to ascertain the direction of the most coherent source of energy at each frequency for
each window. Furthermore, the enhancement of the coherent noise-to-incoherent noise
ratio involves averaging multiple time windows, while uncertainty quantification involves
analyzing various time blocks, each composed of different windows. Thus, in the NFDBFa
approach, data are recorded for significantly longer durations (i.e. hours) compared with
FDBFa (i.e. seconds). In addition, the NFDBFa approach relies on measurements of
ambient noise, which is typically assumed to be generated by sources located in the far
field. This implies that the ambient noise sources are far enough from the MAM array for
body waves to have significantly attenuated relative to surface waves, and that the surface
waves exhibit a plane wavefront rather than a cylindrical wavefront, which is typical near a
seismic energy source. If the assumption of far-field sources holds true, it helps to mitigate
the impact of geometric spreading, which plays a significant role on attenuation estimates
near an active source (Badsar, 2012). Near-field noise sources lead to complications in
extracting accurate attenuation estimates, as discussed in greater detail below.

Figure 3 presents examples of the FDBF and NFDBFa responses obtained from a syn-
thetic wavefield recorded by a 10-receiver circular MAM array for a single frequency and
single time window. The array comprises nine sensors equally spaced on the perimeter of
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Figure 3. Schematic illustrating the FDBF and NFDBFa responses obtained from an ambient noise
wavefield recorded by a |0-receiver circular MAM array for a single frequency and single time window.
Panel (a) presents the f-k spectrum resulting from applying the FDBF method to the original wavefield,
displaying the beamforming peak powers in k,-k, space. Panel (b) shows the cross-section a-a from Figure
3a, revealing the main and side lobes. Panel (c) presents the f-a spectrum resulting from applying the
NFDBFa technique to the pseudo-wavefield, presenting the beamforming peak powers in a, -a, space.
Panel (d) illustrates the cross-section x-x from Figure 3¢, showing the main and side lobes along the
direction of wave propagation.

the circle and one sensor in the middle. The FDBF method is used to estimate k and the
NFDBFa method is used to estimate @. In Figure 3a and b, the results of applying the
FDBF technique to the original noise wavefield recorded by the array are depicted. Figure
3a illustrates the f~-k spectrum at the considered frequency in a 2D wave number space (k-
ky). Stronger powers are represented by a darker purple color. This spectrum offers insights
into the power and vector velocities of propagating waves. In this example, a wave propa-
gates along the x-axis with a velocity represented by a vector wave number k at the chosen
frequency. Consequently, a spectrum peak emerges on the positive £, axis at a distance of
|k| from the origin. The associated phase velocity can be calculated as V, =27f/|k|, and the
wavelength, A, can be determined as A =2/|k|. Figure 3b illustrates the cross-section a-a
from Figure 3a, revealing the main and side lobes. Generally, the narrower the main lobe
and the shorter the side lobes the better the array and processing algorithm are at accu-
rately identifying the correct k values for a given frequency.

Figure 3c and d display the f~a spectrum obtained from applying the NFDBFa method
to the converted noise wavefield for the same time window used to develop Figure 3a. In
this case, instead of presenting the beamforming peak powers in the k,-k, space, as seen in
Figure 3a, they are now depicted in the a,-a, space. This transition occurs because the
phase in the pseudo-wavefield is modulated by « (refer to Figure 2), rather than k. Figure
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Figure 4. Plan view of the source (star symbol) and receiver (inverted triangle symbols) configurations
used for synthetic wavefield simulations. The source was a single Ricker wavelet with a center frequency
of 5 Hz. The wavefield was recorded using five MAM arrays. The first array (C1000 at 2 km) has a
diameter of | km and is positioned 2 km from the source. The remaining four arrays are concentrically
centered 5 km away from the source and have diameters of 60 m (C60), 300 m (C300), | km (C1000 at
5 km), and 2 km (C2000), respectively.

3c employs a different color scheme, where stronger powers are represented by darker blue
colors. The f~a spectrum shown in Figure 3c illustrates wave propagation for a single fre-
quency along the x-axis with a phase attenuation represented by the vector e. Figure 3d
illustrates the cross-section x-x from Figure 3c, revealing the main and side lobes along the
positive x-axis (i.e. direction of wave propagation). Similar to estimating k, the narrower
the main lobe and the shorter the side lobes the better the array and processing algorithm
are at accurately identifying the correct @ values for a given frequency. The ability of the
NFDBFa approach to develop phase attenuation estimates from ambient noise recorded
using MAM arrays is investigated in the following section using synthetic data.

NFDBFa evaluation with synthetic wavefields

This section uses synthetic data to validate the effectiveness of the NFDBFa approach in
estimating phase attenuation from ambient noise recorded using MAM arrays. Specifically,
the approach is tested on two soil models: a half-space model and a single layer above a
half-space model. All numerical simulations discussed in this section were executed using
Salvus (Afanasiev et al., 2019), a comprehensive 2D and 3D full-waveform modeling soft-
ware suite based on the spectral element method. The simulations were performed on the
Texas Advanced Computing Center’s (TACCs) high-performance cluster Lonestar6 using
two compute nodes, with an allocation provided by DesignSafe-CI (Rathje et al., 2017).

Half-space model

This subsection presents a simple wave propagation simulation consisting of a single sur-
face source generating body and surface waves propagating through a half-space soil
model. Despite the simplicity of the model, the outcomes obtained from this simulation
offer key insights into the attenuation of a wavefield generated by a surface source and
elucidate the capabilities of the NFDBFa approach. Figure 4 depicts a schematic plan
view illustrating the source location and MAM array configurations employed in the half-
space simulation. The wavefield was generated by a point source acting in the vertical
direction at coordinates (0, 0, 0) in an X, y, z cartesian coordinate system. The source was
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a single Ricker wavelet with a center frequency of 5 Hz. This source function produces
broadband energy over a frequency range of approximately 1-10 Hz. The wavefield ema-
nating from the source was recorded using five circular MAM arrays, each comprising 10
sensors, with one sensor at the center and nine sensors evenly spaced around the peri-
meter. In this article, the arrays are named using the convention “C” followed by the dia-
meter of the array, where “C” denotes that the array is circular. Therefore, the first array,
located 2 km away from the source and with a diameter of 1 km, is denoted as C1000 at
2 km. The remaining four arrays, concentrically centered 5 km from the source, have dia-
meters of 60 (C60), 300 (C300), 1000 (C1000 at 5 km), and 2000 m (C2000). It is note-
worthy that, although currently only the vertical component of the displacement wavefield
is used in NFDBFa, each sensor recorded both horizontal and vertical displacement com-
ponents, and plans for using all components from noise recordings are ongoing. In addi-
tion, the NFDBFa processing operated independently of any knowledge about the source
location, mirroring the conditions of an ambient noiss MAM survey and ensuring an
unbiased analysis.

The half-space constitutive soil parameters are presented in Figure 5a, where V), and v
are the compression wave velocity and Poisson’s ratio, respectively. The V,, V,,, D, and
D, values adopted in the simulations presented in this article are within the range of values
typically measured in the laboratory for near-surface geomaterials, such as sands, clays,
and gravels (Darendeli, 2001; Menq, 2003; Parolai et al., 2022). It is worth noting that
while these specific values are within reasonable limits, their overall influence on the con-
clusions drawn from our study is limited. Due to the large spatial extent of the model and
the substantial computational expense associated with running a simulation over such a
vast domain, a 2D simulation was conducted rather than a 3D simulation. In the 2D simu-
lations, the sensor locations were projected onto a 2D plane, as illustrated in Figure 5a.
This entailed setting the y-coordinate to zero for each surface sensor location shown in
Figure 4, resulting in their positions being determined exclusively by their x-axis coordi-
nates. For example, the sensor initially situated at coordinates (2321.4, 383, 0) inan X, y, z
system (as depicted in Figure 4), transformed to (2321.4, 0) in the 2D x, z system presented
in Figure 5. However, it is important to note that, during NFDBFa processing, the coordi-
nates assigned to each sensor were derived from those shown in Figure 4; consequently, the
aforementioned sensor retained coordinates of (2321.4, 383, 0) during processing. This approach
not only substantially reduced the computational cost of the simulations but also ensured that
the arrays were measuring plane waves. The simulation required 4 h and 20 min of computation
using 256 threads on the high-performance cluster Lonestar6.

Before describing the application of the NFDBFa method, some preliminary features of
the amplitude decay versus distance are discussed, as they directly influence attenuation
estimates. To better observe this decay pattern, the wavefield emanating from the source
was recorded every 10 m along the free surface. Those time histories were then filtered at
discrete frequencies, so the amplitude decay at each frequency could be observed. The
decay of Fourier amplitudes with distance from the vertical Ricker wavelet source for fre-
quencies 1, 2, 3, 4, and 5 Hz is shown in Figure 5b and c. In Figure 5b, the amplitudes for
each frequency are normalized by their respective maximum values at the source and
plotted on a log scale, while the distances are not normalized and plotted on a linear scale.
In contrast, in Figure 5c, the distances from the source are normalized by the Rayleigh
wave fundamental mode wavelength (A i) corresponding to each plane wave frequency and
plotted on a linear scale. The figures depict a sharp amplitude decrease near the source due
to near-field effects. Following this, amplitude oscillations with diminishing power are
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Figure 5. Homogeneous half-space wavefield simulation: Panel (a) presents a cross-section view of the
configuration of the source and receivers shown in Figure 4, along with the half-space soil properties.
Panel (b) shows the decay of particle vertical displacement as a function of distance from the source for
five distinct frequencies, each normalized by its maximum amplitude at the source. Panel (c) presents the
particle displacement decay patterns from Panel b, with distance now normalized by the wavelength for
each frequency. Panel (d) shows the particle ellipticities for each frequency, expressed as the horizontal
particle displacement divided by the vertical particle displacement, with the dotted horizontal line
indicating the theoretical ellipticity calculated based on the Poisson’s ratio of the half-space soil model.

superimposed over a linear decay trend. Note that a linear decay trend in log amplitude
scale corresponds to an exponential decay in linear amplitude scale. These amplitude oscil-
lations tend to flatten greatly after propagating approximately 10 A x away from the source.
It is noteworthy that these oscillations in a half-space model, although verified through
both 2D and 3D simulations using other software packages, such as the ElastoDynamics
Toolbox (EDT; Schevenels et al., 2009), and similarly reported in the work by Tokimatsu
(1995), challenge the conventional intuition of wave attenuation in a half-space. Neither
the geometric spreading of Rayleigh waves nor the attenuation due to material damping
should exhibit such oscillations in a half-space, as detailed in the work by Lai (1998) for
3D conditions. The oscillating amplitude decay pattern in a half-space model is a result of
body wave amplitude decay oscillations, as shown in the work by Holzlohner (1980) and
Tokimatsu (1995). Hence, when estimating phase attenuation using ambient noise, it is
essential for the MAM arrays to be at a sufficient distance (more than approximately 10
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Ar) away from any potential surface sources, such that wave amplitude oscillations do not
contaminate the expected trend of amplitude decay with distance.

It is worth noting that in 3D layered media, oscillating amplitude decay of Rayleigh waves
due to geometric spreading has been reported and accounted for in attenuation studies, as
observed in the work of Lai (1998). Thus, in layered media, wave amplitude oscillations can
be more pronounced and may extend beyond 10 A ; from the surface source, as demonstrated
in the work by Tokimatsu (1995). This may be thought of as a type of near-field effect spe-
cific to attenuation studies, wherein the wavefield amplitude decay patterns are significantly
more complicated at distances less than approximately 10 A z from the source. This is distinct
from, and more severe than, the typical range of near-field effects for phase velocity estima-
tions, which generally deteriorate between 0.5 A g and 2 A ; from the source, depending on the
subsurface velocity structure (Rix et al., 2001; Tokimatsu, 1995).

To further demonstrate the more severe near-field effects associated with amplitude
decay, Figure 5d presents the simulated wavefield ellipticity, expressed through the
horizontal-to-vertical (H/V) ratio of particle displacement amplitude, measured with dis-
tance in wavelengths for the same frequencies outlined in Figure 5b. The ellipticity also
displays oscillations that decrease and stabilize at normalized distances greater than about
10 A i from the source. This observation underscores that the near-field amplitude decay
oscillations stem from body waves, as Rayleigh wave ellipticity in a half-space is deter-
mined solely by Poisson’s ratio (Tokimatsu, 1995) and should not oscillate. In Figure 5d,
we observe that the calculated ellipticities oscillate around the theoretical value of approxi-
mately 0.64 anticipated for Rayleigh wave ellipticity in a viscoelastic half-space with
Poisson’s ratio equal to 0.33, depicted by the dotted horizontal line in Figure 5d.

The synthetic time histories recorded by the C1000 at 2 and the C1000 at 5 km MAM
arrays (refer to Figures 4 and 5) were processed using the FDBF and NFDBFa methods
to estimate phase velocity and attenuation, respectively, as illustrated in Figure 6. Figure 6
aims to highlight the impact of wave amplitude decay patterns on the attenuation esti-
mates. In terms of abilities to resolve phase velocity, both the C1000 arrays seem to per-
form approximately the same, whether 2 km away from the source (Figure 6a) or 5 km
away from the source (Figure 6b). However, on inspecting Figure 6¢c and d, it becomes evi-
dent that the array located 5 km from the source (i.e. Figure 6d) provides more reliable
attenuation estimates at lower frequencies compared with the array closer to the source.
This observation can be explained by referring to Figure 5b, where the amplitude decay
patterns measured by the array positioned 2 km from the source are shaded in pink. It is
apparent that in close proximity to the source, the low-frequency waves have not traveled
a sufficient number of wavelengths, resulting in amplitude decay that does not conform to
pure exponentials (i.e. linear decay in log scale). However, by the time these waves reach
the array positioned 5 km from the source (blue shading in Figure 5b), the oscillations in
amplitude decay have diminished significantly, approaching a pure exponential decay.
Therefore, it is noteworthy that in an ambient noise survey, even though the source loca-
tion is unknown, if the noise source is close to the array in terms of wavelengths traveled
by the desired frequency, it may lead to unreliable and scattered attenuation results.
Nonetheless, Figure 6¢c and d clearly demonstrate the reliability of the new NFDBFa
approach in retrieving phase attenuation estimates over a broad range of frequencies.

Finally, the performance of the NFDBFa in the presence of incoherent noise is investi-
gated. For this purpose, Figure 7 illustrates the influence of incoherent noise and array
size on phase attenuation estimates using the same half-space simulation results. The



Abbas et al. 17

C1000 at 2 km C1000 at 5 km
450

- (a) (b)
2
= ;
a 400 T T
S 2
o e s e

g ¥

2 350 1.

& ---- Theoretical ---- Theoretical
£ FDBF - FDBF

300 T T T T T T T T

=i x10~* *107%

£ 7 2
= |© (d) 1
s 87 A 7

c /,/

L 61 . g

s} > 4 L

© w

S Y "

£ 4 {2

B ’ ! 4l

g 9 S ,/'f ---- Theoretical ] es ---- Theoretical
@ A NFDBFa ,-'-g;,v""' . NFDBFa

o K b

a 0 —————— —— 1

0 1 2 3 4 5 10 1 2 k. 4 5
Frequency (Hz) Frequency (Hz)

Figure 6. Half-space wavefield simulation: phase velocity (top) and phase attenuation (bottom)
dispersion data estimated with FDBF and NFDBFa, respectively, from | km arrays positioned at two
distinct distances from the ambient noise source: (left) at two kilometers (C1000 at 2 km), and (right) at
five kilometers (C1000 at 5 km).

analysis focuses on the four arrays of different sizes concentrically centered 5 km from the
source (refer to Figures 4 and 5a). Incoherent noise was introduced to the signal, with a
target SNR at 20 dB, which resulted in the frequency-dependent amplitude decay patterns
depicted in Figure 7a (compared to Figure 5b). Figure 7b to e display the attenuation esti-
mates obtained using the C60, C300, C1000, and C2000 MAM arrays, respectively. It
becomes evident that larger arrays yield more accurate attenuation estimates in the pres-
ence of incoherent noise. Figure 7a elucidates the rationale behind this enhanced perfor-
mance for larger arrays across all frequencies. The C2000 MAM array samples a
significantly larger area, enabling it to discern the exponential amplitude decay even in the
presence of noise. The C60 MAM array samples a significantly smaller area, and thus is
considerably more sensitive to amplitude fluctuations caused by incoherent noise, resulting
in the significant scatter observed in the attenuation estimates shown in Figure 7b.

Figure 8 further illustrates the impact of array size on resolving attenuation coefficients
by showcasing the f~a spectra for a frequency of 3 Hz that were calculated from the wave-
field recorded by the four concentrically centered arrays located 5 km from the source.
Notably, the main lobe (dark blue shaded area) is considerably narrower for larger arrays,
resulting in more reliable estimates of phase attenuation. Two key points warrant attention
here. First, the feasibility of employing larger arrays might be restricted due to limitations
in access at a given site, or to help maintain approximately a 1D subsurface condition
beneath the array, which is an implicit assumption in the analysis technique (i.e. no lateral
spatial variability). Meeting this assumption becomes more challenging as the array size
expands. Second, it is essential to highlight that the method used to determine the optimal
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Figure 7. Half-space wavefield simulation with noise: Panel (a) shows the amplitude decay of the same
five frequencies depicted in Figure 5 but now with added incoherent noise to the signal, setting the SNR
at 20 dB. Panels (b) to (e) present the predicted phase attenuation data from the NFDBFa analysis for
four arrays concentrically centered at 5 km from the source, with diameters of 60 m (C60), 300 m
(C300), I km (C1000 at 5 km), and 2 km (C2000), respectively.

MAM array size for attenuation estimates differs from the one employed in obtaining
phase velocity estimates. In dispersion estimation, smaller MAM arrays are more effective
at capturing high-frequency phase velocities, whereas larger arrays are better suited for
resolving lower-frequency phase velocities (Foti et al., 2018; Vantassel and Cox, 2022).
However, according to the results depicted in Figure 7, the larger arrays demonstrated
superior ability in resolving phase attenuation across the entire considered frequency range
compared to the smaller arrays.

Layer above a half-space model

The performance of the NFDBFa approach on a synthetic model consisting of a single
layer above a half-space is illustrated in this subsection. The model’s constitutive small-
strain parameters, and the source and receiver configurations are provided in Figure 9a.
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Figure 8. Half-space wavefield simulation with noise: Panels (a) through (d) present the f-a spectra
obtained through NFDBFa analysis for a frequency of 3 Hz. The spectra are derived from the wavefield
recorded by the four arrays concentrically centered 5 km from the source with diameters of 60 m
(C60), 300 m (C300), | km (C1000), and 2 km (C2000), respectively, as depicted in Figure 7.

For this synthetic study, 150 vertical point sources with varying forcing functions and trig-
ger times were activated. The sources were triggered 5 km away from the center of a 1-km
diameter circular array consisting of 10 sensors: one in the center and nine equally distrib-
uted around its perimeter (just like the C1000 at 5 km MAM array depicted in Figure 4).
The waveforms recorded by the array are depicted in Figure 9b. These waveforms were
subsequently processed using FDBF and NFDBFa to derive the Rayleigh wave phase
velocity dispersion data shown in Figure 9c¢ and the phase attenuation data shown in
Figure 9d, respectively. The theoretical Rayleigh wave phase velocity dispersion and
attenuation curves for the model are also presented in Figure 9c and d, respectively. In
these figures, the fundamental theoretical mode is denoted as Mode 1, while the first
higher mode is denoted as Mode 2.

The FDBF method is able to extract experimental phase velocity dispersion data from
the synthetic wavefield that well matches the theoretical dispersion curves and captures
the transition from Mode 1 to Mode 2 at approximately 7 Hz. A strong agreement is also
observed between the theoretical attenuation curves and the experimental attenuation data
extracted from the synthetic wavefield using the NFDBFa method, particularly for Mode
1. The attenuation data shifts to Mode 2 at the same frequency where the phase velocity
dispersion data transitions to Mode 2. A similar observation regarding the relation
between the frequencies at which phase velocity and attenuation mode transitions occur
was also reported in the work by Aimar et al. (2024a) using MASW data. The observation
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Figure 9. Layered model simulation: Panel (a) presents the soil properties used in the simulation for
the soil layer and the half-space, along with the surface sources and | km receiver array located 5 km
from the source (C1000 at 5 km). Panel (b) displays the waveforms collected from the C1000 array. In
Panel (c), the good agreement between the theoretical Rayleigh wave phase velocity curves (Mode | and
Mode 2) and the experimental phase velocity data obtained through the FDBF approach on the original
wavefield is demonstrated. Finally, Panel (d) showcases the good agreement between the theoretical
modal attenuation curves and the experimental modal attenuation data extracted from the converted
wavefield using the proposed NFDBFa approach.

that phase velocity and phase attenuation data tend to shift modes at identical frequencies
is potentially significant, as patterns in attenuation modes are generally more complex
than those in phase velocity modes.

The effectiveness of the proposed NFDBFa approach has been successfully demon-
strated through the analyses conducted on synthetic datasets, as discussed above. Now,
we shift our focus to applying this approach to real field data, offering a thorough demon-
stration of its effectiveness in a practical, real-world situation.

Field application and validation

A surface wave field-testing campaign was conducted at the Drainage Farm Site in Logan,
Utah, USA (refer to Figure 10), a property owned by Utah State University (USU).
Structural geology indicates that Southern Cache Valley, encompassing the Drainage
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Figure 10. Plan view of the MASW and MAM arrays employed for testing at the Drainage Farm Site in
Logan, Utah, USA. The concentric MAM arrays featured diameters of 60 (C60), 300 (C300), and 700 m
(C700), while the MASWV array comprised 24, 4.5 Hz vertical geophones, spanning 46 m.

Farm Site and located in the northeastern part of the Basin and Range province, is a gra-
ben bounded by high-angle normal faults (Williams, 1962). The site is underlain by
Paleozoic rocks, which are overlain by Tertiary formations, such as the Wasatch and Salt
Lake formations, composed of conglomerate, siltstone, and tuffaceous sandstone. In cer-
tain areas of Cache Valley, these formations reach thicknesses of up to 2440 m (Evans
et al., 1996). The near-surface geology of the Drainage Farm Site is characterized by sedi-
ments from ancient Lake Bonneville, which receded to form the Provo shoreline. These
sediments include alluvial, lacustrine, and deltaic deposits (Evans et al., 1996; Williams,
1962). Well logs presented by Williams (1962) reveal alternating layers of silt and clay,
sand, and gravel above the Salt Lake formation. Moreover, limited deep well logs from
the vicinity of the Drainage Farm Site indicate that rock can be encountered at depths
ranging from 176 to more than 350 m (Perez, 1969).

The goal of the testing was to collect a high-quality surface wave dataset that could be
used for attenuation studies to validate the proposed NFDBFa technique. The field testing
involved both active-source MASW testing and ambient noise MAM testing. The sensor
array configurations used for MASW and MAM at the Drainage Farm Site are illustrated
in Figure 10. MASW testing was performed using 24, 4.5 Hz vertical geophones placed
with a spacing of 2 m between successive geophones, resulting in an array length of 46 m.
Wavefields with strong Rayleigh wave content were actively generated by striking verti-
cally on a strike plate with a sledge hammer. The sledge hammer was used at eight distinct
“shot” locations that were offset by 5, 10, 15, and 20 m relative to the first/last geophone
off each end of the array. Five distinct sledge hammer blows were recorded at each loca-
tion for subsequent stacking to increase the SNR (Foti et al., 2018). MAM testing used
three concentric circular arrays that were aligned with the middle of the MASW array, as
depicted in Figure 10. The three arrays were 700, 300, and 60 m in diameter, and will be
referred to as C700, C300, and C60, respectively. Each array consisted of nine evenly dis-
tributed three-component broadband seismometers (Nanometrics Inc. Trillium Compact
120s seismometers) along its circumference to capture ambient vibrations. The three arrays
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did not record data simultaneously; instead, the nine sensors were used to collect noise
data for each of the MAM arrays one array at a time. First, the sensors recorded seismic
noise for 13 h and 30 min for the C700 array. Subsequently, the sensors were relocated to
their designated locations for the C60 and C300 arrays, recording ambient noise for 1.5
and 3 h, respectively.

For Rayleigh wave phase velocity dispersion analysis, MASW data were analyzed using
the FDBF method with cylindrical wave steering (Zywicki and Rix, 2005), as coded in the
open-source surface wave processing package swprocess (Vantassel, 2021). This processing
was coupled with the multiple source offset technique for identifying near-field contamina-
tion and quantifying dispersion uncertainty (Cox and Wood, 2011; Vantassel and Cox,
2022). As a result, eight phase velocity estimates were obtained for each frequency, corre-
sponding to one phase velocity estimate from each of the eight shot locations. MASW
Rayleigh wave dispersion data influenced by near-field effects or significant offline noise
were trimmed before calculating phase velocity dispersion statistics.

The three-component beamforming approach (Wathelet et al., 2018) coded in the open-
source software package Geopsy (Wathelet et al., 2020) was used to generate Rayleigh
wave phase velocity dispersion data for each of the MAM arrays. The recorded time for
each array was discretized into blocks, with each block further divided into at least 30 time
windows. The window lengths were selected to contain at least 30 cycles (periods) at the
lowest processing frequency that could be extracted from each MAM array (Vantassel
and Cox, 2022). For each MAM array, eight phase velocity estimates were extracted at
each analyzed frequency using the three-component beamforming (Wathelet et al., 2018)
approach to ensure consistency with the eight phase velocity estimates obtained from the
MASW processing. Spurious dispersion data stemming from high-amplitude noise in the
near field (e.g. traffic noise close to the sensors) and incoherent noise were manually elimi-
nated before calculating dispersion statistics. Ambient noise phase velocity dispersion data
from all MAM arrays were combined with the active phase velocity dispersion data
obtained from MASW processing, as shown in Figure 11a. The combined data, used to
compute mean and * one standard deviation dispersion estimates (Vantassel and Cox,
2022), are displayed in Figure 11b relative to the individual MASW and MAM dispersion
data points for the Drainage Farm Site.

The cylindrical FDBFa (CFDBFa) approach, as proposed in the work by Aimar et al.
(2024a), was employed to derive attenuation estimates from the MASW data. The
CFDBFa algorithm accounts for Rayleigh wave geometric spreading by considering the
cylindrical shape of the wavefront. Mirroring the MASW phase velocity dispersion analy-
sis, the multiple source-offset technique was used for quantifying attenuation uncertainty.
Thus, eight attenuation estimates were extracted from the MASW data at each analyzed
frequency using CFDBFa. For the MAM attenuation estimates, the new NFDBFa
approach introduced in this study was employed. Geometric spreading was not accounted
for, as the distance between the MAM arrays and the ambient noise sources was unknown.
However, no nearby sources were observed during acquisition, so we believe that the plane
wave approximation is acceptable. The recorded time for each array was discretized into
eight blocks, with each block further divided into 30 windows. Consequently, the window
length employed for each MAM array can be determined by dividing the total recording
time of the array by the product of § blocks and 30 windows (i.e. 240). Similar to MAM
phase velocity dispersion analysis, the window lengths were selected to contain at least 30
periods at the lowest processing frequency that could be extracted from each MAM array
(Vantassel and Cox, 2022). Averaging the estimates from all windows within each block
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Figure 1 1. Experimental phase velocity and attenuation data extracted from MASW and MAM testing

at the Drainage Farm Site in Logan, UT, USA. Panel (a) displays the experimental phase velocity
dispersion data of Rayleigh waves processed from an MASW array and three circular MAM arrays, with
diameters of 60, 300, and 700 m. Panel (b) showcases the mean and = one standard deviation of the
experimental Rayleigh wave phase velocity dispersion data derived from the combined MASW and MAM
datasets. Panel (c) displays the experimental phase attenuation data from MASW and three circular MAM
arrays. Panel (d) illustrates the mean * one standard deviation of the experimental phase attenuation
data calculated from the combined MASW, C300, and C700 MAM arrays.

yielded a single data point per block, thus providing eight unique attenuation estimates
per frequency. This processing approach ensured that an equal number of attenuation data
points were obtained at each frequency for all of the MASW and MAM arrays. The com-
bined ambient noise attenuation data from all MAM arrays and the active attenuation
data from the MASW array are plotted together in Figure 11c. A good agreement is
observed between the attenuation estimates derived from the MASW array and those
obtained from the C300 and C700 arrays for frequencies ranging from 4 to 10 Hz. The
MASW testing did not generate coherent attenuation data at frequencies less than 4 Hz,
due to the limitations of the active sledge hammer source. However, the MAM testing was
able to extract coherent attenuation data at frequencies below 1 Hz. The agreement
observed between the active-source and ambient noise attenuation estimates serves as com-
pelling evidence for the efficacy of the proposed NFDBFa approach. However, it is nota-
ble that there is significant scatter in the attenuation estimates obtained using the C60
array. This variability is likely caused by the challenges previously discussed in regard to
using smaller MAM arrays for attenuation studies, as the phase velocity data extracted
from the C60 array was very good (refer to Figure 11a). Hence, the attenuation data from
the C60 array were removed prior to calculating attenuation statistics. The combined
attenuation estimates from the MASW, C300, and C700 arrays, and the mean and *= one
standard deviation attenuation estimates obtained from those three arrays, are depicted in
Figure 11d. While a noticeable agreement exists among the three arrays, there is signifi-
cantly greater scatter in the attenuation estimates (Figure 11d) compared to the phase velo-
city dispersion estimates (Figure 11c). Quantitatively, the coefficient of variation (i.e. the



24 Earthquake Spectra 00(0)

standard deviation normalized by the mean) for the phase velocity experimental data
ranges between 0.05 and 0.07, whereas the coefficient of variation for phase attenuation is
generally an order of magnitude larger, around 0.5 and increasing up to 0.6-0.8 at high fre-
quencies. The larger uncertainty observed at frequencies above 9.5 Hz in Figure 11d
results from the divergence between the MASW and MAM attenuation estimates, which
may stem from the inability of the MAM arrays in this experiment to provide reliable
attenuation estimates beyond this frequency. Nonetheless, the coefficient of variation val-
ues of the experimental attenuation data is consistent with results reported by other studies
(e.g. Aimar, 2022; Rix et al., 2000). The application of the new NFDBFa approach in this
field test showcases its effectiveness in estimating attenuation coefficients from ambient
noise wavefield data.

Finally, the statistical experimental Rayleigh wave phase velocity and attenuation para-
meters derived from both the MASW and MAM testing (refer to Figure 11b and d) were
used to invert for ¥ and D, profiles at the Drainage Farm Site. This was achieved through
the Monte Carlo—based joint inversion of phase velocity and phase attenuation data devel-
oped in the work by Aimar et al. (2024b). Although the effectiveness of the joint inversion
procedure has been proven for active surface wave data (Aimar et al., 2024b; Lai, 1998), its
application to combined dispersion data from MASW and MAM testing, covering a broad
frequency range, is novel. This is because past studies on inverting MAM-based attenua-
tion data to retrieve damping properties at large depths typically adopted an uncoupled
inversion approach, based on a separate inversion of Rayleigh wave phase velocity and «
(e.g. Parolai, 2014; Prieto et al., 2009).

The inversions performed herein involved 50,000 five-layer trial soil models with progres-
sively increasing thicknesses, covering a comprehensive range of layer thicknesses, V;, and Dj
values. The layering was informed by a preliminary inversion study based solely on phase velo-
city dispersion data, which is omitted here for simplicity. Realistic values were fixed for the
Poisson’s ratio and mass densities. The D,/D, ratio was treated as an adjustable parameter,
guided by various trials and informed by engineering judgment. Ultimately, we adopted a con-
stant D,/D; ratio of 1.4, similar to the approach taken in the work by Bergamo et al. (2023).
Forward dispersion and attenuation modeling were conducted using the Computer Programs
for Seismology software (Herrmann, 2013). The fit to the experimental data was quantitatively
assessed using a normalized root mean square (RMS) error that accounts for estimation uncer-
tainty, similar to the metric proposed in the work by Wathelet et al. (2004).

The 10 best inversion results, which are those that achieved the lowest RMS error
between their theoretical phase velocity and phase attenuation curves and the experimental
data statistics, are shown in Figure 12. The theoretical phase velocity and attenuation
curves are shown relative to the experimental data error bars in Figure 12a and b, respec-
tively. The 10 best V' and D, profiles, along with their mean and *= one standard devia-
tion, are shown in Figure 12c¢ and d, respectively, extending down to a depth of 400 m,
which is approximately half of the maximum resolved phase velocity wavelength. The V
profiles in Figure 12¢ collectively feature a shallow layer about 25-m thick with velocities
ranging from approximately 90 to 185 m/s, including a low-velocity zone, which is consis-
tent with known near-surface layering. Below this, there is generally a thicker layer extend-
ing down to approximately 180 m with velocities varying around 500 m/s. At depths of
150-200 m, a stiff layer with velocities around 1500 m/s is commonly identified across the
profiles. These depths, while variable, are consistent with the location of Salt Lake
Formation rock surface, as discussed above. The D, profiles in Figure 12d indicate that
damping in the top 25 m is less than 1%. Below this depth, there is a noticeable variability
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Figure 12. Inversion results for the experimental Rayleigh wave phase velocity and attenuation data
collected at the Drainage Farm Site in Logan, UT, USA. The figure highlights the 10 best-fitting models,
with Panels (a) and (b) comparing the theoretical curves for phase velocity and attenuation, respectively,
against the experimental data represented by mean values with = one standard deviation error bars.
Panels (c) and (d) display the 10 best V and D profiles along with their mean and = one standard
deviation, respectively.

in the estimated D, values between the 10 best profiles, with a coefficient of variation rang-
ing between 0.43 and 0.7. Nonetheless, Dy can be observed to increase to approximately
2%-4% in the deeper soil deposits, which consist of alternating clay, sand, and gravel
layers. At the top of the Salt Lake Formation rock surface, Dy collectively decreases again
to less than 2% for all of the 10 best profiles. The large variability in D; is likely due to the
complex geology of the site, the significant standard deviation in the experimental attenua-
tion data, and the moderately low sensitivity of theoretical attenuation curves to Dy at
greater depths (e.g. Aimar et al., 2024b; Badsar, 2012). Despite these challenges, the joint
inversion procedure provided in situ estimates of D, at depths not reached by conventional
site characterization techniques. This confirms the advantages of combining MASW and
MAM data for the combined estimation of stiffness and dissipation parameters of soil
deposits. While the results are promising, additional validation through laboratory or
invasive testing will help confirm the accuracy of the Dy estimates. Continued efforts to
improve attenuation estimation techniques and refine the joint phase velocity and attenua-
tion inversion algorithm will further enhance the reliability of subsurface D, estimation
through noninvasive testing.

Conclusion

A new methodology for estimating frequency-dependent attenuation coefficients through
the analysis of ambient noise wavefield data recorded by 2D arrays of surface seismic
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sensors has been presented. The approach relies on the application of an attenuation-
specific wavefield conversion and FDBF. It has been termed the NFDBFa method.
Importantly, using an FDBF approach, as opposed to a noise cross-correlation approach,
enables the direction of ambient noise propagation to be determined for each noise win-
dow and frequency, and does not require an equipartitioned ambient noise wavefield.
Furthermore, using an FDBF approach enables the phase velocity and attenuation data
generated from active-source testing such as MASW to be combined with phase velocity
and attenuation data generated from ambient noise testing such as MAM to span a
broader frequency range. This enables the joint inversion of phase velocity and attenua-
tion to be performed as a means to extract shear wave velocity and small-strain damping
ratio profiles to significantly greater depths than previously possible using only active-
source data.

2D plane strain numerical simulations were conducted to deepen our understanding of
the proposed NFDBFa method. These simulations aimed to evaluate how the proximity
of the MAM array to the noise source, the presence of incoherent noise, and the size of
the array affect the estimates of phase attenuation. The results demonstrated that near-
field effects are more pronounced and extend over greater distances for phase attenuation
estimates in comparison to those considered for phase velocity estimation. Furthermore, it
was discovered that larger array sizes consistently provided more accurate phase attenua-
tion estimates across all considered frequencies, contrary to the conventional MAM design
criteria used for phase velocity dispersion estimation, where larger arrays are typically pre-
ferred for resolving lower frequencies while smaller arrays excel at resolving higher fre-
quencies. This distinction emphasizes the need for unique design criteria when planning an
MAM array for attenuation estimation.

The proposed NFDBFa approach underwent validation through numerical wave pro-
pagation simulations, comparing predicted frequency-dependent phase attenuation values
against theoretical phase attenuation curves for two synthetic models. Furthermore, vali-
dation of the developed technique was reinforced using MASW and MAM field data col-
lected at the Drainage Farm Site in Logan, Utah, USA. The phase velocity and
attenuation data extracted from the MASW and MAM recordings agreed well over a
common bandwidth, while the ambient noise MAM data allowed the phase velocity and
attenuation estimates to be extracted at significantly lower frequencies. The joint inversion
of the experimental Rayleigh wave phase velocity and phase attenuation data obtained
from both MASW and MAM testing facilitated the estimation of shear wave velocity and
small-strain damping ratio profiles to significant depths (400 m) at the Drainage Farm
Site. While these results are promising, they still need to be validated through additional
invasive and laboratory testing.

As noted herein and in other studies such as the study by Aimar et al. (2024a), attenua-
tion data are significantly more variable and more complex to understand (e.g. modal
curves that repeatedly cross one another) than phase velocity data. As such, there is a need
for future studies to better understand attenuation data and how to invert them to retrieve
reliable in situ profiles of the small-strain damping ratio. Future efforts should involve
additional numerical and experimental testing of diverse subsurface conditions, coupled
with comparisons to damping estimates obtained from invasive tests, such as cross-hole
and downhole testing. With the validity of this approach demonstrated on the vertical
component, future research will also explore the utilization of the three components of the
noise wavefield to enhance attenuation estimates beyond the current method’s capabilities.
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