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Abstract

Multichannel Analysis of Surface Waves (MASW) is a non-invasive active-source technique
for determination of near-surface shear wave velocity (V) profiles. Here we introduce and
describe MASWavesPy, an open-source Python package for processing and inverting MASW
data, whose design follows an object-oriented paradigm. To assess the performance of the new
tool, measurements were conducted at four benchmark sites in Norway, characterized as silt,
soft clay, silty sand, and quick clay. The results show that the Vg profiles obtained with
MASWavesPy compare well with those obtained previously at the respective sites using
invasive, non-invasive and laboratory techniques. Furthermore, the efficiency and usability of

the new package is superior to previous versions developed by same authors. The software can
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be accessed through the Python Package Index (PyPI) at https://pypi.org/project/maswavespy/
, along with sample data. This work further explores the inter-session variability of MASW
measurements for civil engineering applications at soft soil sites. For this purpose, repeated
measurements were conducted over a seven-year period at a silty sand site in South Iceland
and the recorded time series analysed using the newly developed tool. The inter-session
variability of the analysis results is reported in terms of Rayleigh wave phase velocity, interval

Vs profiles, and time-averaged Vs for reference depths commonly used in practise.

Keywords

Multichannel Analysis of Surface Waves (MASW), shear wave velocity, open-source

software, benchmarking, inter-session variability
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Introduction

Shear wave velocity (V) is a key parameter for evaluating the dynamic response of soil,
including predictions of seismic site response, analysis of vibration transmissions and soil-
structure interaction. The time-averaged Vs in the top-most 30 m (Vs 34), or down to a reference
depth H (Vs ), 1s also commonly used as a proxy to classify soil sites based on expected soil
amplifications for, e.g., ground motion predictions (Douglas and Edwards 2016) and simplified
assessments of seismic site response in design codes (CEN 2004; BSSC 2020). Moreover, it
has been shown that in dynamic soil-structure interaction problems, it is the average Vs across
the interaction domain that governs the response rather than pointwise soil characteristics as

determined by, e.g., CPT soundings (Kaynia 2021).

Surface wave methods (SWMs) are non-invasive geophysical techniques that use the dispersive
properties of surface waves, commonly Rayleigh waves, for evaluation of Vs. Compared to
invasive measurements, SWMSs are both time- and cost-efficient. SWMs can be used for a wide
variety of ground conditions, including very dense or coarse-grained sediments, cemented soils
and mixed soils containing cobbles and boulders. The results obtained with SWMs will indicate
an average of the soil stiffness parameters over the tested area. This is important from a design
perspective, as it mitigates the effect of the inherent variability associated with pointwise data
(Kaynia 2021). However, the resolution of SWMs decreases with depth and the inverse
problem encountered in the data analysis is inherently non-unique. Hence, given the
experimental uncertainties, multiple velocity models may be viewed as equivalent solutions. If
both invasive and non-invasive measurements of Vs are available for a particular site, the
invasive measurements are typically regarded as benchmark values. Several such studies have
been conducted to evaluate the performance of different SWMs (e.g., Boore and Asten 2008;

Garofalo et al. 2016b). Intra-method comparative studies also exist where multiple teams have
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analysed a common seismic dataset (Tran and Hiltunen 2011; Cox, Wood, and Teague 2014;
Garofalo et al. 2016a). Studies on the direct repeatability of both the data acquisition and
analysis are less common but have been conducted by repeated active-source measurements in
close proximity in a particular session (Donohue and Long 2008) or over a few months period
(Beaty and Schmitt 2003). Endrun, Ohrnberger, and Savvaidis (2010) further analysed the
temporal consistency of dispersion and spatial autocorrelation curves retrieved over a span of

several years. However, their study was aimed at ambient vibration measurements only.

In recent years, the linear data acquisition layout of the MASW method (Multichannel Analysis
of Surface Waves) (Park, Miller, and Xia 1999a) has become widespread in civil engineering
practice to retrieve the Vs distribution down to 20—-30 m depth (Foti et al. 2018). A number of
software solutions exist to process MASW data, both open-source tools (e.g., Wathelet,
Jongmans, and Ohrnberger 2004; Wathelet et al. 2020; Teague, Wood, and Cox 2017;
Vantassel 2021; Vantassel and Cox 2022) and commercial software. The authors of this study
have previously developed a basic open-source MATLAB computational package,
MASWaves (http://masw.hi.is), for acquiring and interpreting MASW data (Olafsdottir 2019;
Olafsdottir, Erlingsson, and Bessason 2018a, 2020; Olafsdottir et al. 2019). The main
incentives for developing the software from scratch were to gain easy access and flexibility to
modify and adapt the processing and analysis tools for further developments and engineering
applications. This work has laid the foundations for a new adaptive object-oriented Python
package, MASWavesPy, for processing and analysing multi-channel surface wave
registrations. The new package includes a set of additional tools and technical advancements
to both the dispersion processing and inversion analysis schemes, aimed at improving the
efficiency, usability, and performance of the code. The phase shift method (Park, Miller, and
Xia 1998) is implemented to transform recorded time series into the frequency-phase velocity

domain, and a specially designed GUI application is included to aid identification and
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extraction of experimental dispersion curves. The package further includes modules to combine
dispersion curves retrieved from multiple shot gathers and to assess experimental uncertainties.
The inversion module is based on an efficient Monte Carlo global-search, with the fast delta-
matrix algorithm (Buchen and Ben-Hador 1996) used for forward computations.
Computationally intensive parts of the analysis and inversion tools are written in Cython (C
extension for Python) (Behnel et al. 2010) for improved code performance and computational
speed. Hence the new package provides highly improved computational time as compared to

the original MASWaves formulation.

This study aims to explore the long-term inter-session variability of MASW measurements for
civil engineering site characterization. For this purpose, repeated measurements were
conducted over a seven-year period at a silty sand site in South Iceland. The processing and
inversion of the recorded time series was conducted using the new MASWavesPy package. To
validate the tool’s performance, measurements were conducted at four benchmark sites in
Norway (Lunne, Long, and Forsberg 2003; L'Heureux et al. 2017) that are characterized by
commonly encountered types of soft soils. The resulting velocity profiles were compared to in-

situ and laboratory measurements of Vs conducted by different teams of researchers.

Method

Application of MASW can be divided into three steps: data acquisition (DAQ), processing and
inversion. For data acquisition, low-frequency receivers are lined up with equal spacing on the
surface and an impact load is applied in-line with the receiver array at a certain offset from the
first (or last) receiver. The hardware used in this study consisted of a pair of NI USB-6218
multifunction I/O devices from National Instruments and a set of GS-11D 4.5 Hz vertical

geophones from Geospace Technologies.
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The data processing is aimed at identifying the dispersion characteristics of the acquired
Rayleigh waves over a range of frequencies. This is achieved with spectral processing that
visualizes the energy density of the multi-channel time series and allows for identification of
modal dispersion curve(s) based on the observed spectral maxima. Here, the focus is on
evaluation and inversion of the fundamental mode dispersion curve. Therefore, in the
following, the term ‘dispersion curve’ (DC) will refer to its fundamental mode. Previous studies
have found MASW type data acquisition and analysis well suited for identifying higher mode
DC components (e.g., Gabriels, Snieder, and Nolet 1987; Park, Miller, Xia 1999b; Vantassel
et al. 2022). If the aim is to invert multiple modes simultaneously, the code can be easily
configured to include higher modes in the analysis. However, our experience shows that
analysis using the fundamental mode yields sufficient results for commonly encountered
stratigraphic conditions. If excited, higher modes may add to the uncertainty of the model
parameter estimation due to the risk of mode misidentification in cases where the spectral
resolution of the dispersion image is insufficient. It should be noted that consideration of higher
modes may be necessary at sites with complex stratigraphy (e.g., the presence of strong velocity

contrasts or reversals). Such conditions are, however, outside the scope of the current study.

The optimal configuration of the MASW receiver array (e.g., array length, geophone spacing,
and source-receiver offsets) depends on the intended survey depth, the available equipment,
and the velocity structure of the tested site. A summary of typical DAQ parameters is, e.g.,
provided by Foti et al. (2018). The seismic datasets used in this work include a statistical sample
of DCs, obtained by different receiver array configurations and source-receiver offsets (arrays
with a common midpoint) and by collecting repeated shots for a given configuration, as
recommended in prior studies (Cox and Wood 2011; Bessason and Erlingsson 2011). The
different array set-ups provide information on different volumes of soil and can help detect

significant lateral variations in soil properties beneath the array. Comparison of DCs retrieved



132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

using multiple source offsets also aids identification of potential near-field effects in the
acquired data (Wood and Cox 2012), which result in an irregular and unreliable amplitude trend
in the dispersion image at low frequencies. The variability in the retrieved phase velocity values
with frequency (or wavelength) is thus an indicator of the data reliability (Foti et al. 2018) and
of value for, e.g., selection of representative Vs models and assessment of inversion
uncertainties. A simple empirical criterion to reduce DC errors due to near-field effects to
below 10-15 % was proposed by Yoon and Rix (2009), restricting the maximum DC
wavelength (4,,,4,) by the array centre distance (x) as X/ A4, = 1. It has, however, been found
overly restrictive in some cases (Wood and Cox 2012; Li and Rosenblad 2011). Hence, if
experimental DCs are identified from shots collected with a variety of source offsets, a recent
study has suggested that the near-field criterion may be relaxed for some of the shorter-offset
shots, given that the low-frequency part of the corresponding DCs is verified by comparison
with one that meets the criterion (Rahimi, Wood, and Himel 2022). The prospective depth of
the resulting interval Vs profiles (z,,4,) 1S strongly affected by the range of retrieved
wavelengths (A,,in 10 A;nax)- For inversion of fundamental mode DCs, common practice (e.g.,
Park, Miller, and Xia 1999a; Foti et al. 2018) is to limit the maximum depth to A,,,,/3 to
Amax/2 and the thickness of the surficial layer to A,,;,/3 to A,;,/2. This approach is
subsequently referred to as the A-criterion. Thus, if combined with the guidelines of Rahimi,
Wood, and Himel (2022), z,,,, becomes directly related to the longest array centre distance(s)

adopted during DAQ.

The inversion assumes that the surveyed site can be modelled as a layered elastic medium
consisting of n finite-thickness, homogeneous and isotropic layers over a half-space. Each layer
is described by its shear wave velocity, compressional wave velocity (V) (or Poisson’s ratio,
v), mass density (p) and thickness (h). Hence, the inversion step entails solving a model

parameter identification problem using the experimental DC as a target. At frequencies above
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5 Hz, V5 and h have a dominant effect on the fundamental mode DC (Xia, Miller, and Park
1999). As the effect of change in Vp (or v) and p is less significant, these parameters are fixed
based on a-priori information or by using standard values, thus, reducing the number of
inversion parameters. The groundwater level is specified based on in-situ observations and
available data. The parameterization of the surveyed site is further an important consideration
during the inversion process. A stratified model consisting of too few layers may produce an
oversimplified depiction of the true variation in V5 with depth. However, including too many
layers may also result in inaccurate interval velocity profiles, because of the inversion being
severely over-determined. Hence, the number of layers is regarded as an additional inversion
parameter and a preliminary analysis conducted using different values of n. This approach is

consistent with recommendations in the literature (Cox and Teague 2016; Foti et al. 2018).

MASWavesPy Approach

Figure 1 provides a graphical overview of the workflow of MASWavesPy. The package
consists of four primary data processing modules; wavefield, dispersion,
combination, and inversion, and two supplementary modules; dataset and

select dc.

The function of the wavefield module is to import and view the acquired multi-channel
time series, with each imported record being contained in a separate RecordMC object. The
recorded data should be provided as text files, or as waveform files compatible with the
obspy.read () function from the ObsPy library (Beyreuther et al. 2010; Krischer et al.
2015), e.g., SEG-2 formatted files. The di spersion module provides methods for dispersion
processing of the imported data. Each recorded wavefield is transformed into the frequency-
phase velocity domain (Park, Miller, and Xia 1998) and is used to initialize an ElementDC

object, which contains methods for visualization of the phase velocity spectrum and DC
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extraction. A DC obtained from a single multi-channel registration (i.e., a single instance of
RecordMC) is hereafter referred to as an ‘elementary dispersion curve’ and stored in a single
instance of ElementDC. Elementary DCs are identified based on observed spectral maxima

by a GUI application provided in the supplementary select dc module.

The purpose of the third data processing module (combination) is to combine elementary
DCs obtained from multiple surface wave registrations (i.e., associated with multiple
ElementDC objects). A CombineDCs object contains the composite DC and provides
methods to assess and visualize the spread in the dispersion data, both in the frequency-phase
velocity and phase velocity-wavelength domains. It is encouraged to visually inspect the set of
identified elementary DCs in the frequency-phase velocity domain to identify potentially
biased DCs (e.g., due to near-field effects, higher-mode interference, or imprecise DC picking),
and to assess if the degree of variability of the DC data points with frequency is reasonable
given observed trends at other sites (e.g., Passeri et al. 2021). The composite DC, here specified
as an inversion target, is subsequently obtained by grouping the elementary dispersion curve
data points within log. spaced wavelength bands, with the parameter a being specified on a
per-dataset basis (Bessason and Erlingsson 2011; Olafsdottir, Bessason, and Erlingsson
2018b). The arithmetic mean of the phase velocity values within each interval is used as a point
estimate of the phase velocity of the Rayleigh wave components in the given wavelength range.
Their standard deviation represents the spread of the dispersion curve data points within each
wavelength band and is implemented in the post-processing of the sampled Vs profiles as
described below. Practical recommendations on the wavelength-binning and associated
parameter selection are provided in Olafsdottir, Bessason, and Erlingsson (2018b). In
particular, the width of the wavelength intervals should be specified such that bins showing
abnormally small standard deviations, resulting from, e.g., a clustered distribution of the

elementary DC data points or only a handful of data points belonging to certain bins, are

10
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avoided. In such cases, the calculated standard deviation may not be representative of the true
variability of the phase velocity values and can, in later steps of the analysis, bias the selection
criteria for ‘accepted’ Vs profiles. The supplementary dataset module is used to import and
manage seismic datasets, consisting of numerous multi-channel records, through Dataset
objects. A Dataset object can contain multiple RecordMC and associated ElementDC
objects and provides routines for initializing a CombineDCs for the set of acquired records or

a particular subset of records.

The inversion module is used to evaluate the Vs profile of the surveyed site by inverting
the composite DC (or a particular elementary DC). The inversion routines are defined on an
InvertDC object, which is initialized using a given experimental DC. The initial layering
parameterization (i.e., the number of layers and associated layer thicknesses) is required as a
starting point for the inversion process, along with an initial estimate of Vs for each layer. If
additional geotechnical data is available for the tested site, including boring logs or soundings
(e.g., CPT, SPT or DMT), it is advised to use this data to guide the initial parameter assessments
regarding number of layers, expected locations of layer interfaces and credible starting values
for Vs given the encountered soil types. If the initial parameters must be assessed without a
priori information on the site conditions, preliminary analysis using several different
parameterizations and starting values, as has been strongly encouraged in literature (e.g., Cox
and Teague 2016; Foti et al. 2018), is recommended. The inversion is conducted using an
efficient Monte Carlo global-search (Olafsdottir, Erlingsson, and Bessason 2020) and the fast
delta-matrix algorithm (Buchen and Ben-Hador 1996) for forward computations. The shear
wave velocity and layer thicknesses are specified as inversion parameters. The misfit (€pc)

between the target experimental and theoretical DCs is here computed as,

(VRtq—VReq)
€pc = %Zgzlu. 100 % (1)

VReq

11
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where Vp, and Vi, denote the theoretical and experimental phase velocities, respectively.
Hence, when inverting DCs with defined upper and lower boundaries, the boundary DCs are,
for the sake of simplicity, not included in the misfit calculations. However, if it is deemed
beneficial for individual use cases, the definition of the misfit function can easily be altered
within the MASWavesPy code, e.g., to introduce a function that weighs the differences

between the experimental and theoretical values by the calculated uncertainty.

Several post-processing routines are defined on the ITnvertDC objects to help draw inference
from the set of sampled Vg models. ‘Accepted’ interval Vs profiles are here defined as the set
of profiles whose associated theoretical DCs fall between the experimental DC boundaries,
specified as m standard deviations of the average curve, at all wavelengths. Wavelength-
binning of the elementary DCs is preferred for this purpose to ensure an equal value of 4,4,
for the average and boundary curves. Values of m =1, m = 1.5, or m = 2 standard deviations
have been found to perform well for sites with a similar soil stratigraphy and a comparable
degree of DC variation as those presented in this work. For applications discussed in later
sections, m is specified as 1. If the standard deviation of the composite DC is much lower at
certain wavelengths than for the remainder of the curve, that would in turn dominate the
selection of ‘accepted’ profiles as described above, it may be better to use a different procedure
to define a set of ‘accepted’ profiles. Other approaches, commonly encountered in surface wave
inversion, include implementing a misfit criterion or presenting a given number of ‘best fitting’
profiles. Selecting or sampling a fixed number of Vs models showing sufficiently low misfit
values may, however, underrepresent the true variability in the experimental data. A recent
study has introduced an alternative procedure for improved quantification of Vg uncertainty,
particularly focusing on propagating the experimental data variability into the resulting set of

‘accepted’ Vs profiles (Vantassel and Cox 2021).

12
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The set of accepted profiles can subsequently be summarized in terms of its median or mean

profiles. In addition, sampled (or inferred) interval velocity profiles can be presented as Vs ,,

zZ

VS,Z = tt(Z) (2)

tt(z) is the travel time of shear waves from the surface to depth z obtained as,
h.
tt(z) = T, () 3)

where Vs ; and h; denote the shear wave velocity and thickness of the i-th layer, respectively,
for a total of N layers down to depth z. For assessment of Vs , for z > d, where d is the depth
of the half-space top, the interval velocity profiles are extrapolated using the half-space
velocity. This approach is consistent with the simplest method of Boore (2004) for estimation

of Vs 3¢ from shallow models,

30

50-d (4)

Vg0 = —r—
$30 7 i) +
£

where V, ¢ equals the half-space V. It is also in line with the recommendations in BSSC (2020)

for sites where Vg has been measured down to 15-30 m and soft (low velocity) layers are not

expected beneath that depth.

Repeatability of the MASW Analysis

Repeated MASW measurements were conducted between 2013 and 2019 at Arnarbzli in South
Iceland. The test site is located on the western bank of the Olfus River, between the towns of
Hveragerdi and Selfoss, and less than 2 km from the western fault rupture of the My6.3 May
2008 Olfus earthquake (fig. 2). The site is characterized by thick sediments of Holocene

glaciofluvial silty sand. Two test pits were dug at the site in September 2022 to assess the

13
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groundwater level under typical conditions. The water level in both pits was 10-20 cm below

surface.

Data Acquisition and Processing, Intra-Session Variability

Six separate MASW datasets were collected in September 2013 (M-13), August 2014 (M-14),
July 2015 (M-15), September 2017 (M-17), May 2018 (M-18), and June 2019 (M-19). An array
of 24 geophones was used for the data acquisition, except in the 2017-session, where an array
of 16 geophones was used. The impact load was created with a 6.3 kg sledgehammer, with
vertical strikes applied either on a 15 cm-diameter metallic plate or directly on the ground
surface. The sampling rate was 1000 Hz and the recording time either 1.2 or 2.2 s, including a
0.2 s pre-trigger. The midpoints of the six survey profiles (M-13 to M-19) were positioned
within a 2 m radius and their orientation was the same in a southeast to northwest direction.
Table 1 summarizes the array-source configurations used in each DAQ session, i.e., the
geophone spacing(s) and the range of source offsets. Repeated shots (usually four to six) were
collected at each offset. The multi-channel records acquired with a given configuration were

left unstacked and each record processed separately to retrieve an estimate of the site’s DC.

Table 1 Overview of MASW datasets at Arnarbeeli site

M-13 M-14 M-15 M-17 M-18 M-19
Data acquisition
Month and year September  August July 2015  September May 2018  June 2019
2013 2014 2017
No. geophones [-] 24 24 24 16 24 24
Geophone spacing [m] 1 (3-20) 0.5(5-10) 0.5(3-10) 2 (5-25) 0.5(3-10) 0.5(3-10)
(source offsets) 1(10-30) 1(5-30) 1 (5-30) 1 (5-20)
2 (10-30) 2 (5-30) 2 (5-30) 2 (5-30)
No. records [-] 32 55 96 21 65 88

Dispersion analysis
DC frequency range [Hz] 7.5-28.3 6.7-30.0 5.5-37.3 6.2-30.5 6.4-34.1 5.5-42.7
COVy, range [%] 1.6-5.3 0.7-5.7 0.9-8.0 0.5-9.2 1.6-5.8 0.6-5.9

14
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Figures 34—F (top panels) show typical dispersion images of records acquired in each session.
The spectra shown for sessions M-13, M-14, M-15, M-18, and M-19 were obtained with a 23
m receiver array (24 geophones spaced at 1 m intervals). For session M-17, the array length
was 30 m (16 geophones spaced at 2 m intervals). The elementary DCs that were identified
from the repeated shots (and the different array-source configurations) are shown in the middle
panels of figures 34—F, where they are categorised by receiver array length. For mitigation of
near-field effects, 4,,,, of the composite DC for each session was limited by the respective
maximum array centre distance. The elementary DCs obtained with the different array-source
configurations were compared to identify those that showed potential signs of near-field
effects, including abnormally low phase velocity values at low frequencies, apparent
oscillations or roll-off. Those parts of the elementary DCs were excluded before further
analysis and inversion. This approach is in line with the recommendations of Rahimi, Wood,
and Himel (2022) in cases where the multiple source offset approach is used. It should be noted
that in many cases where the array-source configuration clearly violated the near-field criteria
of Yoon and Rix (2009) (i.e., x/A < 1), no obvious signs of near-field effects were seen in the
resulting elementary DCs, as compared to those fulfilling the criteria. This is, e.g., consistent
with previous observations reported by Wood and Cox (2012). The intra-session variability of

the picked phase velocity values is quantified by the coefficient of variation (equation (5)) and

shown in the bottom panels of figures 34—F. Vi denotes the average phase velocity at a given

frequency and s is the corresponding standard deviation.
S
COVy, == )

The identified elementary DCs were consistent as indicated by an average intra-session COVy,

of 2.5-3.3 %, with the lower frequency components displaying more variation than those of

higher frequencies. Analysis of shots applied at different ends of the receiver array (forward

15
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and reverse, fig. 34), further indicated nearly identical DCs, therefore not implying significant

lateral variations in soil properties or stratigraphy beneath the array.
Inter-Session Variability

The elementary DCs from each session (figs. 34-F, middle panels) were combined within
logarithmically-spaced wavelength bands. The resulting composite DCs (mean + one standard
deviation) are shown in figure 3G. The variability in the population of mean DCs is quantified
in terms of COVy,, (equation (5)) in figure 3H and can be seen as an indicator of the inter-
session variability in the experimental dispersion data. The computed COVy, , values are below
5 %, except in the shortest wavelength range (< 3.5 m) where they increase rapidly with
decreasing wavelength. However, the sample size used to compute the COV-statistic is very
small (fig. 37). Its values should, therefore, be interpreted with caution. Nevertheless, it is used
for consistency with the evaluation of the intra-session variability and to allow for comparison

with studies in the literature.

Several different parameterizations, consisting of three to eight layers (where the bottom layer
is a half-space), were tested to assess the effects of the model parameterization on the inverted
Vs profiles. As the backcalculation process includes a Monte Carlo-based optimization, the
inversion scheme was initiated 25 times (for each parameterization) to reduce the effects of the
randomized sampling on the inversion results. 1,000 trial Vs profiles were sampled in each
initiation. Inference was subsequently drawn from the resulting sets of 25x 1,000 trial profiles.
As the groundwater table at the site is very close to surface, all layers were modelled as
saturated. The mass density profile was specified using existing laboratory-measured values
(Green et al. 2012) and the Vp of the saturated soil was specified as 1,500 m/s. Apart from the
three-layer parameterization, the resulting interval Vg profiles all presented a similar trend and

provided comparable misfit values. However, smoother interval velocity profiles, that are
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considered to better represent the true site conditions, were obtained by a parameterization
including at least five to seven layers. A six-layer model was therefore selected for assessment
of the inter-session variability of the inversion results. The thickness of the top-most layer and
the depth to the half-space top were specified to conform with the empirical A-criterion. The
initial estimates of Vs for each layer were obtained by mapping the respective experimental
DCs into pseudo-values of Vs and discretising the resulting pseudo-Vs profiles to match the
initially assumed layer structure (Xia, Miller, and Park 1999; Olafsdottir, Erlingsson, and

Bessason 2020).

Figures 44-F summarize the inversion results for the six DAQ sessions. The set of sampled Vs
profiles whose associated theoretical DCs fall within one standard deviation of the target curve
at all wavelengths are color-coded by misfit values. Hence, the profiles shown in yellow present
the minimum-misfit solutions. The maximum investigated depth is, for each session, specified
based on the A,,,,/2 criterion using the respective composite DC. The minimum-misfit
solutions for each session are compared in figure 4G and the corresponding time-averaged Vs
profiles are shown in figure 4H. The variability of the inverted Vs and Vs , values is quantified

using the COV-statistic in figure 4/, with COVy,; and COVy , defined as,

COVyg(2) = = (6)

N

COVyg,(2) = (7)

VS,z
75 and s (equation (6)) are the average and standard deviation of the interval Vs values at depth
Z. E (equation (7)) 1s the average of the Vs , values for a given z and s is the corresponding

standard deviation.

The results in figure 4 show adequate agreement between the six independent measurements.

The interval velocity profiles indicate a gradual increase in Vg with depth, ranging from 50-75
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m/s for the surficial layer to around 320-430 m/s at 20-25 m depth. These values are consistent
with investigations at comparable sites in the South Iceland Seismic Zone (SISZ) (Erlingsson,

Olafsdottir, and Bessason 2022). The higher COVy . at shallow depth is attributed to the
increased variability within the set of experimental DCs at short wavelengths (figs. 3G and
3H). These may further relate to subtle changes in groundwater level positions or surficial soil
compaction between measurements. It should, however, be noted that the same limitations
regarding sample size apply as for assessment of the inter-session COVy, (fig. 3H). Hence, the
COVy statistic and its average (fig. 4/) are only computed down to the depth of the shallowest
interval Vs profile (i.e., 15.7 m for the M-13 session). Close to surface level, the variation of
the estimated Vs, values follows the variation within the set of interval velocity profiles.
However, it diminishes rapidly as the values of Vs , are computed over a larger depth interval,

presenting an average COVy ¢ below 5 % as compared to an average COVy , around 10 %.

To further evaluate the reproducibility of the Vs, parameter, Table 2 gives the values of Vs 40,
Vs 20 and Vs 3¢ as obtained using the population of accepted Vs profiles in the six-layer inversion
(figs. 44-F). For each session, the results are summarized by the mean V; , value (z € {10, 20,
30} m) and coefficient of variation. The lowest and highest estimates of Vs , for each inversion
are also given. In addition, Table 2 provides boundary estimates of V4, Vs2o and Vs3g
obtained for an expanded parameterization choice, i.e., inversions conducted in the same
manner as described above but with the assumption of a four- to eight-layer soil model. The
maximum and minimum values serve as a representation of the range in Vs 14, Vs 20 and Vs 39
estimates that may be expected from a single site investigation using a deterministic approach.
For each session, the wider range of parameterizations expands the range of Vs , estimates as
compared to the six-layer inversion. From an engineering design perspective, the observed

differences are, however, relatively minor. The Arnarbeli site is characterized by thick sandy
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sediments where a general increase in material stiffness with depth is expected. The Vs 3
estimates (equation (4)) are, therefore, likely somewhat biased towards lower values.
Furthermore, as the estimated investigation depth varies between 15.7 and 26.5 m, the degree
of underestimation is anticipated to differ between sessions, thus, making inter-session

comparison of Vg 3o more uncertain than for Vs ;¢ and Vs 5.

Table 2 Vs 1o, Vs 20 and Vs 3o corresponding to the set of six-layered Vs profiles in figures 44—

F (6L) and boundary values obtained for an expanded set of parameterizations containing four

to eight layers (4L—8L)

M-13 M-14 M-15 M-17 M-18 M-19
6L 4L- 6L 41— 6L 4L— 6L 4L- 6L 4L— 6L 4L
8L SL 8L SL 8L SL
VS,IO
mean [m/s] 129 142 131 128 133 142
COVys, [ 206 2.00 1.93 2.06 2.67 1.53

minimum  [m/s] 20 121 135 134 125 124 121 119 125 125 137 135
maximum  [m/s] 138 143 153 154 141 145 139 140 143 145 152 154
VS,ZO

mean [m/s] 177 194 184 179 181 196
COVy,, [ 200 2.55 2.80 2.25 231 2.00
minimum  [m/s] 168 168 180 180 173 169 169 166 172 171 184 182
maximum [m/s] 189 195 209 222 199 213 194 200 193 194 209 215
VS,SO

mean [m/s] 203 229 224 213 211 233
CoVyg,  [W] 241 2.08 2.23 2.65 1.58 1.60
minimum  [m/s] 192 192 218 217 212 211 200 199 202 202 223 222
maximum [m/s] 225 225 249 261 241 257 233 238 221 223 248 256

Comparison with Existing Measurements of Vs

To assess the performance of the processing and inversion tools, they were used to analyse a
set of multi-channel time histories acquired at four benchmark sites in Southern and Central
Norway, referred to as Onsgy, Halden, @ysand and Tiller-Flotten. The test site at Onsgy was

established in the late 1960s by the Norwegian Geotechnical Institute (NGI) (Lunne, Long, and
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400  Forsberg 2003) whilst the Halden, @ysand, and Tiller-Flotten research sites were developed in
401  the Norwegian Geo-Test Sites (NGTS) project (L'Heureux et al. 2017). Table 3 summarizes
402  their main characteristics and provides an overview of relevant previous work at each site.
403  Table 3 Overview of site characteristics, MASW test parameters, and previous measurements
404 of Vs at Onsay, Halden, Oysand and Tiller-Flotten
Onsey Halden Oysand Tiller-Flotten
Site characteristics
Characteristic soil Soft clay Silt, clayey silt Gravelly sand to  Quick clay
type silty sand
Unit weight ~16 kN/m? 19-20.5kN/m*>  18-19 kN/m? 17-19 kN/m?
Depth to bedrock ~40 m ~21 m in the >80 m >50 m
southern part of
the testing area
Detected Below the About 2-2.5m ~2 m below ~1-2 m below
groundwater table surficial crust below ground ground level ground level
level
Existing SCPT, MASW, SCPT,SDMT,  SCPT,SDMT, SCPT, SDMT,
measurements of Lab BE MASW, BE MASW
shear wave velocity
References Lunne, Long, NGI (2018), Gundersen et al. L'Heureux,
and Forsberg Blaker et al. (2018), Lindgéard, and
(2003), Long (2019) Quinteros et al. Emdal (2019)
and Donohue (2019)
(2007)
Data acquisition
No. geophones [-] 24 24 24 24
Geophone spacing [m] 1 (3-20) 1 (3-5) 2 (3-30) 1 (3-20)
(source offsets) 2 (320) 2 (3-30)
No. records [-] 78 35 30 99
Dispersion analysis
DC frequency range [Hz] 3.6-45.0 5.5-37.3 5.5-57.3 4.1-37.3
CovVy, range [%] 0.1-5.6 0.1-4.8 0.1-5.9 0.3-10.8
SCPT: Seismic Cone Penetration Test. SDMT: Seismic Dilatometer Marchetti Test. MASW: Multichannel
Analysis of Surface Waves. Lab: Laboratory tests (unspecified). BE: Bender element test (laboratory).
405

406  Dispersion Data Processing and Inversion for Vs

407  The data acquisition at the four benchmark sites was conducted using the same equipment and
408 by following the same field procedures as previously described. The test configurations are

409 summarized in Table 3. An example of the subsequent data analysis is given in figure 5,
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showing results from @ysand. The data acquisition and processing for Halden is described in
Olafsdottir, Erlingsson, and Bessason (2020). At each test location, the receiver array(s) were
placed as close as possible to relevant previous work at the site. A range of different source
offsets was used with several shot repetitions for each array length-source offset combination
to quantify the intra-session variability of the retrieved elementary DCs. The frequency range

of the identified DCs is given in Table 3 along with the corresponding range in COVy, .. Overall,

the retrieved DC estimates show low variability, particularly for Halden, Onsgy and Qysand.

A trend of increased COVy, at low frequencies, as shown for @ysand in figure 5B, is further

observed which is consistent with values obtained at other sites and reported in literature (e.g.,
Lai, Foti, and Rix 2005; Cox, Wood, and Teague 2014; Garofalo et al. 2016a; Roy and Jakka

2018; Passeri et al. 2021).

To mirror the common situation of limited (or no) a priori information on soil stratigraphy
being available, the inversion of the composite DCs was conducted without using existing data
to guide the model parameterization. Instead, a preliminary inversion was conducted using
several different parameterizations consisting of two to nine layers (including the half-space).
If two (or multiple) parameterizations produced a set of sampled Vs profiles whose forward
response matched the experimental data equally well and showed comparable misfit values,
the simpler model was chosen for further analysis. This preliminary analysis resulted in a four-
layer model for @ysand and six layers for Onsgy, Halden, and Tiller-Flotten, respectively. The
mass density profile for each site was defined using results of previous geotechnical
investigations (Blaker et al. 2019; Lunne, Long, and Forsberg 2003; Gundersen et al. 2018;
Quinteros et al. 2019; L'Heureux, Lindgard, and Emdal 2019). For the unsaturated surficial soil
layer(s), the Vp values were, in each iteration, linked to the trial Vs profile through the Poisson’s
ratio. In lack of site-specific values, the Poisson’s ratio was assessed using standard values for

the particular soil types.
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Comparison with Invasive, Non-Invasive and Laboratory Measurements of Vs

Figure 6 compares the MASW Vs profiles with independent assessments of Vg for the respective
sites. The MASW results are summarized by the minimum-misfit profile and the median of the
accepted interval Vs models, i.e., a profile comprised of the median of the Vs, values, the
median of the z; values, etc., as included in the set of accepted models (Vs ; and z; denote the

velocity of the i-th layer and the depth of the i-th layer interface, respectively).

Several SCPTs were carried out at Onsgy in 1984 and 2004 (Lunne, Long, and Forsberg 2003;
Bazin et al. 2016) and MASW measurements in 2005 (Long and Donohue 2007). The current
MASW results are consistent with the repeated SCPTs, particularly within the top 10-12 m
(fig. 64). The 2005 MASW measurements indicate the same general velocity trend. Below 10—
12 m, the current results, however, show a slightly sharper increase in V5 than the existing data.
Results of laboratory measurements of Vs, conducted on block samples collected at 8—14 m

depth (Bazin et al. 2016), agree well with the in-situ measurements.

Figure 68 compares the inversion results for Halden with existing SCPT, SDMT, MASW and
bender element (BE) tests. The SDMT Vs profile is in good agreement with the current MASW
results. The SCPT profiles are slightly scattered. Nevertheless, the results of the current survey
are consistent with the general trend displayed by the SCPTs. The NGTS MASW
measurements were conducted along two arrays, HALMO1 and HALMO?2 (Blaker et al. 2019).
Out of the two, HALMOI1 (fig. 6B, dashed grey line) was closer to the current array, whilst the
centre of HALMO2 (unbroken grey line) was located approximately 50 m towards north-east.
The NGTS MASW results present significantly higher estimates of Vs than the other in-situ
tests, particularly down to around 4 m depth. However, Blaker et al. (2019) reported that the
inversion data fit for the two arrays was of limited quality, which may attribute to the observed

difference. The BE tests tend to indicate slightly lower Vs than was measured in-situ.
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Various in-situ techniques have been used to characterize the gravelly-sandy-silty sediments at
@ysand, including SCPT, SDMT and MASW (NGTS data; Quinteros et al. 2019). There is
substantial scatter in the invasive data within the top 5 m. However, the current MASW results
are consistent with the general trend indicated by the SDMT and SCPTs (fig. 6C). They further
correspond well with the fairly constant Vs of approximately 200 m/s shown by the invasive
measurements at 5—16 m depth. Below that, the scatter in the invasive data increases again due
to site heterogeneities. The MASW survey resolution is substantially reduced in that depth
range, hence, the Vs profile is only shown for depths down to 16 m. The NGTS MASW surveys
are in good agreement with the current Vs profile. BE tests, conducted on samples collected at
the location of the in-situ measurements, further indicate comparable values of Vs as shown by

the current survey.

Figure 6D compares the results of the MASW survey at Tiller-Flotten to invasive and non-
invasive Vs profiles obtained for the site. The existing SCPT and SDMT results (L'Heureux,
Lindgéard, and Emdal 2019) are consistent and indicate a gradual increase in Vs with depth. The
current interval Vs profiles present the same general trend, although they indicate a slightly
stiffer soil profile below around 12 m depth than the invasive measurements. However, the
spread in the SCPT data also increases below 12 m. A series of independent MASW
measurements (NGTS data) revealed comparable estimates of Vs as the current survey. The
resolution of the current measurements is, however, limited in the top-most 1.2—1.5 m due to
lack of high-frequency components in the experimental data. This makes direct comparison of

the respective MASW Vs profiles difficult for the surficial soils.

Discussion
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The dispersion data retrieved in the six DAQ sessions at Arnarbali presented intra-session
COVy, generally between 1.5 % and 5 %. Consistent with previous findings (e.g., Lai, Foti,
and Rix 2005; Cox, Wood, and Teague 2014; Garofalo et al. 2016a; Roy and Jakka 2018;
Passeri et al. 2021), its variation was found to depend on frequency, with the lower frequency
components (<10 Hz) generally displaying the highest COVy,,. DC estimates retrieved using
different array configurations (within a given session) were in excellent agreement, further
demonstrating the quality of the experimental data. However, its high-frequency content was
not sufficient to identify experimental DCs above 3045 Hz, thus, reducing the survey

resolution at shallow depths (<1 m).

Inter-session comparison of the composite DCs indicated that the dispersion analysis is,
overall, stable and provides consistent and repeatable results. The estimated inter-session
variability (fig. 3H) tended to exceed the intra-session variability (figs. 34—F). Nonetheless,

the inter-session COVy, was typically around or below 5 %, which is consistent with intra-
session values reported in literature (e.g., Passeri et al. 2021). Furthermore, as previously
stated, the inter-session COVy,, should be interpreted with caution due to the small sample size.
The increased values at short wavelengths are primarily driven by the M-19 DC (fig. 3G) and
that the number of retrieved DCs decreased rapidly at wavelengths shorter than 2.3 m (fig. 3/).
Environmental factors, such as changes in groundwater level positions and surficial soil
compaction between repeated measurements, may further contribute to the observed

difference.

The respective DAQ sessions were conducted at different times of the year, spanning spring to
fall. No systematic seasonal difference was observed. This is consistent with the findings of
Beaty and Schmitt (2003), who conducted measurements from late spring to early fall at a site

with small seasonal variations in groundwater level. Continuous measurements of the
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groundwater table at Arnarbali are not available and were therefore not modelled during the
inversion. Hence, correlating the short-wavelength dispersion data (or the inverted Vs profiles)
with potential changes in saturation of the surficial soils is not possible. However, the spring
and early summer of 2019 was very dry in South Iceland and the water level in the Olfus River
by Arnarbaeli was unusually low for that time of year (IMO data). It is therefore reasonable to
assume that the groundwater level was somewhat lower in the spring of 2019 than in an average

year, which may explain the deviation in the experimental M-19 DC at short wavelengths.

The variability within the set of minimum-misfit Vs profiles (COVy , figs. 4G and 41) was found
to be around two to three times the inter-session COVy .. The increased variability both relates
to the intra-session uncertainties of the experimental data, which are propagated to the
inversion, and interpretation ambiguities that inherently arise. These include the inversion non-
uniqueness and choice of layering parameterization. The observed range in COVy, ¢ (generally
between 5 % and 25 %) is, however, comparable to, or slightly lower than, reported values in
inter-analyst comparative studies that include a variety of data processing and inversion
techniques for the top 25 m of soil (Garofalo et al. 2016a). This was expected, as the repeated
measurements presented herein were all analysed by a single team using the presented
processing and inversion tools, thus including fewer sources of uncertainty. The set of
minimum-misfit profiles further yields estimates of Vs, (fig. 4/) which show comparable

variability (COVy, ) as observed within the set of composite DCs. Hence, the effects of the

inversion non-uniqueness are reduced. These findings are in line with those observed in earlier

studies (e.g., Comina et al. 2011; Garofalo et al. 2016a; Roy and Jakka 2018).

The comparative analysis at the four benchmark sites indicated that the retrieved Vs profiles
were for all practical purposes very comparable to profiles obtained with invasive techniques,

thus verifying the performance of the analysis tools. At each site, the MASW arrays were
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placed as close as possible to relevant previous investigations. However, some differences in
the retrieved Vs values may be expected. The invasive tests are point measurements and thus
only reflect the subsoil conditions directly at the point of penetration, whilst the MASW results
average the soil properties over the area underlying the receiver array. This applies,
particularly, to the Halden and @Qysand sites, where previous studies have identified lateral
variabilities in soil properties or stratigraphy. The retrieved Vs profiles further compared well
with results of SWMs, conducted with different data acquisition and analysis tools, and results

of available laboratory tests.

Conclusions

MASWavesPy is a Python package for processing and analysing active-source multi-channel
surface wave registrations acquired using the linear data acquisition layout of MASW. The
phase shift method is used to visualize the dispersion properties of Rayleigh waves and
experimental DCs identified using a built-in GUI application. The package further provides a
specific module to assess the spread in the experimental data and to combine experimental DCs
retrieved from multiple surface wave registrations. The inversion module utilizes a Monte
Carlo global-search, with the fast delta-matrix algorithm used for forward computations.
Computationally intensive parts are written in Cython for improved code performance and
computational speed. Hence, the new package provides highly improved computational time
as compared to the original MATLAB MASWaves formulation. It further includes a set of
additional tools and technical advancements to both the dispersion processing and inversion
schemes, aimed at improving the efficiency and usability of the code. The MASWavesPy

package is distributed as open-source software, allowing users to modify the code and adapt it
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to individual use cases. It can be accessed through the Python Package Index (PyPI) at

https://pypi.org/project/maswavespy/, along with sample data.

For evaluation of the performance of the newly developed tool, MASW results were compared
with in-situ and laboratory measurements of Vs conducted by different teams of researchers at
four benchmark sites in Norway. It was shown that the Vs profiles obtained using
MASWavesPy were consistent with those obtained with a variety of other techniques. The
benchmark sites are considered as representative for normally dispersive silt, soft clay, silty
sand, and quick clay deposits, respectively. Hence, the results verify the performance of the
new package, and the algorithms therein, for use in civil engineering studies at sites
characterized by various commonly encountered types of soft soils. It is though worth noting
that none of the sites have a complex stratigraphic profile, such as strong velocity reversals,
stiff surficial layers, or bedrock at very shallow depth. Where such conditions are encountered,
other active-source data processing techniques, or the use of additional surface wave methods
supplementing MASW, may result in better performance and improved stiffness
characterization (e.g., Rahimi, Wood, and Teague 2021; Boaga et al. 2013; Olafsdottir,

Erlingsson, and Bessason 2023).

The present study set out to evaluate the inter-session variability of MASW measurements for
characterization of soft soil sites commonly encountered in engineering practise in many parts
of the world. For this purpose, measurements were conducted at a silty sand site in South
Iceland over a seven-year period and the variability of the analysis results assessed in terms of
Rayleigh wave phase velocity, interval Vs profiles, and Vs , for common reference depths. To
assess the repeatability of the analysis, the DAQ sessions were conducted by the same team, at
the same location, using the same measurement procedure and the same equipment. In brief;,

the inter-session COVy,, was typically found to be around or below 5 %, with the largest COVy,,

being observed close to surface, possibly related to differences in environmental conditions
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(i.e., surficial compaction and groundwater level positions). The average COV of the
population of minimum-misfit Vs profiles, as could be retrieved from repeated deterministic
studies, was found to be around two to three times the observed inter-session COVy .. Finally,
the set of minimum-misfit Vg profiles yielded estimates of Vs, with comparable values of
COVy,, as was observed for the set of composite DCs. Hence, the effects of the inversion non-
uniqueness are reduced. Although different modelling parameterizations can result in vastly
different estimates of the interval Vs profile, the results further indicate that the modelling
parameterization plays a lesser role when determining Vs, (given that the data fit for the
different parameterizations is comparable). In general, therefore, the results of this study
support earlier conclusions on the consistency and robustness of SWMs, including MASW, for

evaluation of Vs ,.
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SISZ South Iceland Seismic Zone
TFZ Tj6rnes Fracture Zone
O Location of MASW test site
* Earthquake epicentre, May 2008
I Fault ruptures, May 2008

820

821  Fig. 2 Location of Arnarbeeli test site on western bank of Olfus River in South Iceland. The
822  map contains data from the IS 50V database of the National Land Survey of Iceland from
823  12/2020. Earthquake epicentre, ICEL-NMAR Earthquake Catalogue: Jonasson et al. (2021).
824  The two causative faults of the May 2008 Olfus earthquake (Halldérsson and Sighjornsson

825  2009) are approximated by solid lines.
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Fig. 3 (A—F) Top panels: Dispersion images acquired in field sessions M-13 through M-19 at
Arnarbeeli. Middle panels: Elementary DCs obtained with receiver arrays of different lengths
or different shot positions. Bottom panels: Variation (COV) of extracted phase velocity values.
(G-1) Inter-session comparison. Composite mean DCs with standard deviation boundary
curves (G). Variability (COV) of the mean composite curves (H) and number of composite

curves obtained at a given wavelength (I).
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835  Fig. 4 Vs profiles whose associated theoretical DCs fall within one standard deviation of the
836  composite experimental curve for session (A) M-13, (B) M-14, (C) M-15, (D) M-17, (E) M-138,
837 and (F) M-19. (G) Comparison of the minimum-misfit Vs profiles and (H) the corresponding

838  Vs,. (I) Variability (COV) of the minimum-misfit Vs and Vs , values with depth.
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840  Fig. 5 MASW survey at @ysand. (A) Elementary dispersion curves. (B) Variation (COV) of the
841  extracted phase velocity values. (C, D) Sampled Vs profiles whose theoretical dispersion curves
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Fig. 6 Comparison of inverted Vs profiles and results of invasive, non-invasive and laboratory
measurements of Vs for (A) Onsay, (B) Halden, (C) Oysand, and (D) Tiller-Flotten. SCPT,
SDMT, MASW and laboratory results from Long and Donohue (2007) [Onsoy], Bazin et al.
(2016) [Onsay], NGI (2018) [Halden], Blaker et al. (2019) [Halden], Quinteros et al. (2019)
[Oysand], L'Heureux, Lindgdrd, and Emdal (2019) [Tiller-Flotten] and NGTS data [Oysand,

Tiller-Flotten].
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