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JOINT ANALYSIS OF SEISMIC DATA @

» Software for the joint analysis of Surface Waves: multi-component active and
passive data: MASW, MFA and RPM; HVSR, ReMi, ESAC/SPAC, multi-
component passive data for the reconstruction of 2D Vs sections [PS-MuCAA &
2D-SuPPSALA], interferometry etc.

* Analysis of non-equally spaced data (both for active and passive data)

» Synthetic seismograms and Full Velocity Spectra (FVS) inversion (no interpretation
of the velocity spectra) + computation of the modal and effective dispersion curves

* PS-MuCAA (Passive Seismic — MUIti Component Amplitude Analysis): multi-
component analysis of passive data for a robust Vs profile and the identification of
possible lateral variations

 2D-SuPPSALA (SUbsurface Profiling via Passive Surface wave data Analysis
from Linear Array): a powerful tool for the 2D profiling from multi-component passive
data

» Effective management of geo-referenced photos from, for instance, your
smartphone for the site localization and/or the exploration of large areas

» Analysis of Rayleigh—wave attenuation

» Effective management of geo-referenced photos from your smartphone also for the
exploration of large areas

« Batch (automatic) processing of several HVSR files (also for the reconstruction of
2D HVSR sections)

* Analysis (and joint inversion together with the dispersion data) of the RPM (Rayleigh-
wave Particle Motion) frequency-offset surface

» Back-scattering analysis (helping in the identification of possible cavities).
» Tool for the site response analysis

» Several new and improved tools for editing, assessing the quality and analyzing
your active and passive data
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THE LIMITS OF MY LANGUAGE MEAN THE LIMITs OF MY WORLD

MASW

MFA /
FTAN

FVS

HS

RPM

RVSR

Seismic techniques and main abbreviations

definition

Multi-channel Analysis of
Surface Waves

Multiple Filter Analysis /
Frequency-Time ANalysis

Full Velocity Spectrum

HoliSurface [Holistic
Analysis of Surface
Waves]

Rayleigh-wave Particle
Motion

Radial-to-Vertical Spectral
Ratio

notes

Methodology for the determination of the phase velocity
spectrum from multi-offset active data. Mathematics can
have a series of possible variants: fk analysis, t-p or
phase shift (this latter is surely the best one). In order to
solve the inevitable non-uniqueness issues, it is
recommended to analyse multi-component data

Methodology for the determination of the group-velocity
spectrum from the analysis of one single trace [MFA and
FTAN are equivalent]

Methodology for the dispersion analysis carried out not
through the interpretation of the modal dispersion curves
but through the inversion / modelling of the entire (full)
velocity spectrum (hence the entire velocity-frequency
matrix). In this way it is not necessary to give any
interpretation of the velocity spectra. Possible both for
phase-velocity spectra [multi-offset approach] and group-
velocity spectra [single-offset approach]; both for single-
component data and multi-component data [joint analysis].

Improved MFA/FTAN methodology that considers multi-
component data (recorded at one single offset from the
source) and analysed together with the RPM and/or
RVSR curves [dispersion is analyses according to the
FVS [Full Velocity Spectrum] approach. See our
HoliSurface® application software

Curve that represents the retrograde-prograde motion
due to the Rayleigh wave as a function of the frequency
(useful to better constrain the subsurface model).

Spectral ratio of the radial and vertical components from
active data (Rayleigh-wave ellipticity). Useful, especially
in the low-frequency range in the joint analysis of
dispersion data

www.winMASW.com - geophysical software & services
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HVSR

ReMi

SPAC

ESAC

PS-
MuCAA

2D-
SuPPSALA

MAAM

SSR

SSRn

GHM

Refraction
seismics

5
Horizontal-to-Vertical Ratio of the horizontal components with respect to the
Spectral Ratio vertical one from passive (microtremor) data. It depends

on the amount of Rayleigh and Love waves in the
microtremor field (a factor)

Refraction Microtremors Determination of the dispersive properties from passive
data using a mathematics pretty similar to the one
usually used from active (MASW-style) data.

SPatial AutoCorrelation Methodology for the determination of the dispersive
properties of passive data recorded according to a
circular geometry. Less flexible compared to ESAC (this
latter is preferable cause provides better results and
works with any geometry)

Extendend SPatial Methodology for the determination of the dispersive
AutoCorrelation properties of passive data recorded according to any
geometry (included linear arrays — which we often
recommend [see the winMASW® manual]). It's the
“generalization” of the SPAC approach (E stands for

Extended)
Passive Seismics — Multi-  Joint analysis of multi-component passive data used to
Component Amplitude define dispersive properties for all the considered
Analysis components and the HVSR at each point (so to possibly

define 2D Vs sections)
Subsurface Profiling via
Passive Surface wave data
Analysis from Linear Array

Methodology useful to obtain 2D Vs section from multi-
component passive data

Determination of the phase velocities [effective
dispersion curve] from passive data recorded considering
a circular geometry [e.g. equilateral triangle] with a
. ; particularly-limited  radius  (miniature array). The
m:glri?rj:nﬁrr;ay Analysis of mathematics is different compared to the ESAC & SPAC
approaches and the radius necessary to investigate a
similar frequency range is considerably smaller (see our
HoliSurface® application software)

Spectral Ratio (SR) of the amplitude spectra obtained at
one site with respect to the amplitude spectra at a
Standard Spectral Ratio reference (rocky) site considering the data recorded
during one or more earthquake(s). It is the actual site
amplification (with respect to the rocky reference site).

Standard Spectral Ratio -  As for the SSR but considering microtremor data (n

noise stands for noise)

Methodology for the determination of the eigen-
Gaussian-filtered frequencies of a structure and the respective mode
Horizontal Motion (flexural, torsional or mixed) from vibration (microtremor)

data recorded at two (or more) points of the structure
itself. See our HoliSurface® application software

The need (or usefulness) of the various techniques depends on the goals and on the
technical characteristics (pro and cons) of the methodologies although, unfortunately,
inertia and bad habits often dominate. When do we "need" to use refraction
seismics? When we need to try to reconstruct the 2D structure of the most superficial
layers in case significant lateral variations occur. On the field this can be easily and
quickly verified by comparing the HVSR curves at 2 or 3 points along the section we
need to investigate [see also our HS-QC software]. If, in the pertinent frequency range,
they are different then refraction can be useful otherwise not. Remember that refraction
has limited penetration depth: in the lucky cases, you can reconstruct the velocity
profile down to almost 1/3 of the length of the array (and just in the central part of it).

When needed, using less than 16/24 channels is not recommended because you would
not collect the data needed for that objective. P or SH waves? If you are working on soft
sediments with the presence of water (even far from saturation conditions) P waves are
not recommended because you risk seeing just the water table.

www.winMASW.com - geophysical software & services
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Surface Wave Analysis for Near Surface Applications presents the foundational tools
and techniques necessary to properly analyze surface-wave propagation nowadays
performed for a number of applications.

ELSEVIER

th for geotechnical goals, seismic-hazard ment, and envirol
studies. This book presents both the theoretical background and the applicatio
the author has a Jt
from the latest developments in research, with a special emphasis of the joint analysis
of the different components that can be conveniently considered.

The book aims at building a bridge between academic research and field practice and at
illustrating a number of possible pitfalls often made while analyzing surface waves als
suggesting the way to overcome them via joint analyses.

Authored by a geophysicist with nearly 20 years of experience in research, consulting,
and geophysical software development.

* Nearly 100 figures, photographs, and examples aid in the understanding
of fundamental concepts and techni

Presents the latest research in surface wave analysis while c ring
both active and pas: techniques (MASW, MFA, ESAC, ReMi, HVSR etc]
and different inversi gies.

A number of real world case studies —14 in all—bring the book’s key
principles to life.

Aunique blend of theory and practice, the book’s concepts are based on exhaustive field
research conducted over the past decades.

78-0-12-800770-0

ISBN 9 7

0-9
ELSEIER store.elsevier.com 91780128"007709'

Giancarlo Dal Moro

Table of Contents

A brief foreword

Chapter 1 - Surface Waves: propagation, dispersion and attenuation

Chapter 2 - Data Acquisition (active and passive methodologies)

Chapter 3 - Understanding Surface Wave Phenomenology

Chapter 4 - Horizontal-to-Vertical Spectral Ratio

Chapter 5 - Inversion and Joint Inversion: concepts and practice

Chapter 6 - Full Velocity Spectrum inversion and other unconventional approaches
Chapter 7 - Some final notes

References

Appendix — Case Studies

A brief introduction

Case study #1 — A simple ZVF analysis for geotechnical purposes

Case study #2 — A simple but interesting dataset

Case study #3 — Inverse dispersion by the book

Case study #4 — When the joint analysis of Love & Rayleigh waves is necessary
Case study #5 — Joint analysis of Rayleigh-wave dispersion and P-wave refraction
Case study #6 — A comprehensive survey in the Swiss Alps

Case study #7 — Joint analysis of Rayleigh and Love waves via FVS analysis
Case study #8 — A typical civil engineering job

Case study #9 — A landslide area

Case study #10 — Back to the Swiss Alps

Case study #11 — Modes and components (a very tricky site)

Case study #12 — Analyzing phase and group velocities and HVSR

Case study #13 — Some focus on HVSR computation

Case study #14 — Surface waves on the Moon

Available from the Elsevier store (store.elsevier.com)

www.winMASW.com - geophysical software & services
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Efficient Joint Analysis of Surface Waves and Introduction to
Vibration Analysis: Beyond the Clichés

1 Introduction: A Miscellanea

1.1 Shear-Wave Velocities: A Brief Overview

1.2 Surface-Wave Analysis: Few Simple Introductory Aspects

1.3 Non-uniqueness of the Solution: Problems and Solutions

1.4 MASW Tests?

1.5 Some Legends and Some Opportunities: Number of Channels, f-k Versus

f-v and Non-equally Spaced MASW

1.6 Seismographs?

1.7 Single-Component Geophones, Seismic Cables and Connectors

1.8 Geophones for MASW and Geophones for Refraction Surveys? Technical Notes and
Commercial Legends

1.9 Three-Component (3C) Geophones

; 1.10 Seismic Components and Observables

Giancarlo Dal Moro 1.11 HVSR: North-South, South-North or What?

1.12 Working in a Rational and Productive Way: Components and (Vertical) Stack
1.13 Paranoia #1: The Asphalt Cover

1.14 Paranoia #2: Shear Sources, Nails and P Waves

References

j L 2 Surface-Wave Analysis Beyond the Dispersion Curves: FVS
i ; ; 2.1 A Brief but Important Introduction
il 1 2.2 Introduction to the FVS Analysis
Efﬂc'er!t JOInt 2.3 Two Examples of Single-Component FVS Analysis
2.4 Joint FVS Analysis of the Phase-Velocity Spectra of the RVF and THF Components:
Analysis of Surface 24 Jont P
Waves a nd 2.5 A Further Example of Joint Analysis (RVF + THF): The Asphalt Dataset

= References
Intr(.)d Ud-]on y 3 HVSR, Amplifications and ESAC: Some Clarifications
fo Vlbratlon Ana|y5|5: 3.1 HVSR: Few Initial Remarks

s v 3.1.1 The H/V Spectral Ratio and the Contribution of Love Waves (a Factor)
Beyond the Cl | Ches 3.1.2 Multi-modal Populations and SESAME Criteria

3.1.3 HVSR and Industrial Components
3.1.4 What Is H?
3.1.5 Does the HVSR Represent the Actual Site Amplification During an Earthquake?
3.2 ESAC (Extended Spatial AutoCorrelation)
References

‘@ Springer

4 New Trends: HS, MAAM and Beyond

4.1 Introducing HS and MAAM

4.2 HS and MAAM: How They Work from an Early Case Study

4.3 From the RPM Curve to the Advanced HS Analysis: Some Remarks and Two More Case
Studies

4.4 Back to Purgessimo (NE ltaly): Group Velocity Spectra (Z and R Components) + RPM
Frequency Curve + HVSR

4.5 Group Velocities and Penetration Depth

4.6 MAAM: Data Quality, Radius and Weather Conditions

4.7 RPM Curves: More Insights and the Multi-offset Case

References

5 Introduction to Vibration Monitoring and Building Characterization via GHM
5.1 Vibrations Induced by Construction Activities, Quarry Blasts and Vehicles

5.1.1 Example #1: Vibrations Induced by Trains (Railway)

5.1.2 Example #2: Vibrations at a Construction Site (Sheet Pile Driving)

5.2 Characterization of the Behavior of a Building: The GHM Approach

5.2.1 Case Study #1: The GHM Technique for a 3-Storey Building

5.2.2 Case Study #2: GHM Analysis of Non-synchronous Data for a 25-Storey Building

5.2.3 Case Study #3: A 13-Storey Reinforced Concrete Building

@ Springer References

6 Some Final Remarks and Recommendations
6.1 Summarizing

6.2 Miscellaneous Notes

6.3 Few Very Final Recommendations

References

Appendices

Appendix A: Basic Guidelines for Surface-Wave Data Acquisition

Appendix B: An Urban Park: Multi-component (Z + R) and Multi-offset Rayleigh Wave Joint
Analysis also Together with the RPM Frequency-Offset Surface

Appendix C: Large Lateral Variations in a Soft-Sediment (Perilagoon) Area

Appendix D: Seismic and Geological Bedrock in a NE Italy Prehistoric Site

Appendix E: HS and Microtremor Data: A Small Example of Comparative and Comprehensive
Analysis (Joint Inversion and SSRn)

Appendix F: Example of HS for a Hardly-Accessible Site

Appendix G: 2D V Section of an Urban Area from the Multi-offset Holistic Analysis of Rayleigh
Waves (Multi-offset Z + R + RPM)

Appendix H: Identification and automatic removal of industrial signals in the Horizontal-to-Vertical
Spectral Ratio

www.winMASW.com - geophysical software & services
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What is a beta version?

A development status given to a program or application that contains most of
the major features, but is not yet complete. Sometimes these versions are
released only to a select group of people, or to the general public. The testers
are usually expected to report any bugs they encounter or any changes they'd
like to see before the final release. This is the second major stage of
development following the alpha version, and comes before the release
candidate (from Wikipedia)

In order to receive news and case studies please, subscribe to our newsletter

https://www.winmasw.com/_uk/contatti

WORKSHOPS AND TRAINING

Eliosoftis available to organize workshops and meetings about all the practical

and theoretical aspects related to MASW (Rayleigh + Love), MFA, HoliSurface,

ESAC/SPAC, MAAM (Miniature Array Analysis of Microtremors), ReMi, HVSR,
SSR/SSRn, vibration data analysis and so forth.

Please, consider that winMASW® Academy is a highly-sophisticated
software which is absolutely impossible to fully and properly exploit
without attending our workshops or studying our books and articles.

www.winMASW.com - geophysical software & services
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Some of the news in the recent releases of winMASW®

v Compatible with Windows 11
v User manual highly improved with more and more information and case studies

v In the ESAC panel:

- Interferometry analysis (of multi-component data)

- various Spectral Ratios tools for the estimation of lateral variations [PS-MuCAA]
together with the dispersion analysis of passive multi-component data (i.e. Z, Rand T

components) via 2D-SUPPSALA (reconstruction of 2D Vs sections)

v" Significantly improved the ReMi panel (validity limits, tools etc.)

v" Among the appendices of the manual we are now also reporting a small collection of
things you can do with winMASW®

v" Highly improved the tool for the creation of the 2D sections [see utilities]

v winMASW® Academy & HoliSurface®: the speaking software. Now a series of
warnings and suggestions are provided also as vocal messages!

v' Back-scattering tool (winMASW® Academy)

v' Easy management of the GPS information extracted from the photos taken from
common smart phones (as well as from Drones or Action cameras)

v'HVSR panel:
1) improved automatic identification and removal of industrial signals

2) batch (automatic) processing of a several microtremor (HVSR) data

3) you can read/upload seg2 data (without having to transform them as SAF file)

4) new tools for the automatic removal of transient events (in the time domain) and outlier
HVSR curves (in the frequency domain)

v’ Several improvements in the Site Response (Response Spectra) tool

v Possibility to handle non-equally spaced MASW data (winMASW® Academy).

v Tool for the computation of pure synthetics (synthetic seismograms and HVSR):
possibility to add certain amount of noise (so to make the traces more realistic). Useful for
educational purposes as well as in the design of important acquisition campaigns

v Improved the tool for the seg2 SAF conversion (from seg to SAF): now you can specify
the units (mm/s or counts) and indicate a multiplicative factor (seg data are multiplied by
this factor and then saved in the SAF file).

v Implementation of the RPM (Rayleigh-wave Particle Motion) frequency-offset surface
analysis and joint inversion with the velocity spectra (see "Analysis of Rayleigh-Wave
Particle Motion from Active Seismics" - Dal Moro et al., 2017) and RVSR (Radial-to-
Vertical Spectral Ratio) for all the offsets

v Implementation of apparent/effective dispersion curves (e.g. Tokimatsu et al., 1992) for
both Rayleigh (radial and vertical components) and Love waves. Use them for passive
data (ESAC/SPAC or ReMi).

v HVSR modelling considering both Rayleigh and Love waves also considering
attenuation and the a factor (see our two books [Elsevier & Springer])

www.winMASW.com - geophysical software & services
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Main facts for the different versions

Lite |HVSR |Standard| 3C | Pro |Academy
2D Vs sections via joint analysis of multi-component passive data: X
tools PS-MUCAA and 2D-SuPPSALA NEW
Smart and full management of GPS information from field photos X
(from smartphones, GoPro and Drones) NEW
HVSR: automatic identification and removal of industrial X
components/signals NEW
Back-scattering analysis NEW X
Tool for visualizing and handle RayFract results [.GRD files] NEW X
Non-equally-spaced MASW analyses NEW X
ESAC panel highly improved (conversion of geographical X
coordinates, spectral ratios computations etc.) NEW
MASW analyses considering both Rayleigh and Love waves (and | Rayleigh Rayleigh
their joint inversion) Waves only Waves only X X
Vs30 and VsE (Vs equivalent) computation X X X X X
Band- Low- High-pass filters X X X X X
Analysis of Rayleigh-wave attenuation X X
ReMi analyses (passive seismics — linear arrays) [also for non- X X X [also for
equally spaced datasets - NEW] non-equally

spaced data]
Group-velocity Analysis (Multiple Filter Analysis) for group- X
velocity determination (both for Rayleigh & Love)
RPM frequency-offset surface (computation and joint inversion
with dispersion data) + RVSR X
Computation and modelling of the HVSR (Nakamura’s method) to X X X X
estimate the resonance frequency etc.
Spectral analyses: computation of amplitude and phase spectra
and spectrograms (frequency content over time) X X X
1D modelling of refraction travel times only X X
(also considering low-velocity layers) for P
waves
1D modelling of reflections X X X
(also considering low-velocity layers)
Tool to combine two active shots and simulate a dataset with a X X X X
double number of channels (you record 2 active 12-channel
datasets and got one with 24 channels)
Elastic moduli tool X X X
Joint inversion of dispersion curve & HVSR X
Synthetic seismograms both for Rayleigh & Love waves X
Full Velocity Spectra (FVS) analysis via synthetic seismogram X
computation (recommended for complex velocity spectra from
active acquisitions - see manual)
Computation of the apparent (or effective) dispersion curve X
(recommended for passive ESAC/SPAC and ReMi data)
Tool for the vertical stacking X
Tool for creating 2D sections X
Tool for putting in evidence specific (even “hidden”) modes X
ESAC and FK analyses (bi-dimensional arrays) a“r;:a; X (2D)
rray

Tool TCEMCD (Three-Component Extraction from Multi-Channel
Data) for efficient passive joint ESAC/MAAM + HVSR acquisitions X X
(see TCEMCD Appendix).
Tool for combining several traces acquired by a single 3-
component geophone @ different offsets and obtaining datasets X X X
useful for MASW analysis considering both Rayleigh (radial and
vertical component) + Love waves.
Site Response (Response Spectra) panel X
Pure Synthetics (see related section of the manual) X

www.winMASW.com - geophysical software & services
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WARNING

Buy and use horizontal geophones and jointly analyze Rayleigh (radial component) and
Love waves!
Please, acquire the data strictly following our guidelines and download and read the
papers, books and case studies listed in our web sites

If you are not completely sure about the best type of equipment to buy (type and
number of geophones and type of 3-component geophone for HVSR measurements)
for analyzing surface waves, please write us (winmasw@winmasw.com) and we will

give you our recommendations.

REGISTRATION

Do not forget to register your purchase: please provide the name of the reseller, the date
of your purchase and the version (Lite, Standard, 3C, Professional or Academy). This
way you will receive our newsletter with recommendations, news and case studies.

To register send an email to: winmasw@winmasw.com

VIDEO TUTORIALS

Updates of the present manual can be downloaded from our web site. In addition, it is
also possible to download a series of video tutorials aimed at properly using the main
winMASW features.

The tutorials are focused on specific kinds of analyses: standard MASW analysis
(Rayleigh waves), joint analysis of Rayleigh & Love dispersion, joint analysis of phase &
group velocities, ReMi and ESAC analyses; HVSR analyses etc.

Several helps are displayed just pointing the cursor on the button: a notice on yellow
background will display providing basic information.
Some of the figures in the manual might refer to former versions of the software. All
upgrades keep their same features, adding new functions.

The key point of winMASW® is anyway represented by the possibility of
joint analysis of several datasets/components acquired according the
guidelines briefly reported in this manual, in the Elsevier and Springer

books and all the papers mentioned in the References.

Remember that a software is just a tool.

Accuracy of results always and necessarily depends on the users’ skills and experience.
We highly recommend to attend our workshops.

www.winMASW.com - geophysical software & services
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subject to think you're wright,
but not enough about the subject to know you're wrong.”
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Introduction: the winMASWP holistic perspective
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Generalities

The winMASWP software allows to analyze seismic data in order to achieve the vertical
profile Vs (shear-wave velocity) using the following methods:

- multi-component MASW analysis (Rayleigh & Love waves, also jointly and also
considering non-equally spaced data): please, carefully read this introductory section in
order to understand why we strongly recommend to use (also) Love waves

- MFA/FTAN for the determination of the group velocities

- ReMi and ESAC/SPAC analyses (we highly recommend multi-component ESAC)

- PS-MuCAA: amplitude analysis of multi-component passive data for the improved joint
analysis aimed at defining a very robust Vs profile and the identification of lateral
variations

- 2D-SuPPSALA: 2D Subsurface Profiling via Passive Surface wave data Analysis from
Linear Array

- HVSR (Horizontal-to-Vertical Spectral Ratio) (also jointly with dispersion data)

- 1D (P and SH waves) refraction travel time modelling

- generation of synthetic seismograms via modal summation, consequently: inversion of
the Full Velocity Spectra (FVS) with no need of picking/mode interpretation (pay
attention since this anyway requires a good knowledge of several theoretical aspects
and a state-of-the-art PC)

- Rayleigh-wave attenuation analyses (for estimating Qs quality factors)

- Site response tool

The winMASWP software application is designed considering all the problems related to
the data ambiguity and the non-uniqueness of the solution (for an overview on these
topics, please see our Elsevier and Springer books).

In order to illustrate such a problem, in the following figure we report six Vs models and,
overlapped with a phase-velocity spectrum obtained from a real-world dataset, their
respective dispersion curves (fundamental mode) in the 4.5-16 Hz frequency range.

As you can see even if the six models are pretty different, the dispersion curves are quite
similar and compatible with the field velocity spectrum (in the background).

This means that the analysis of just one component and the modal dispersion curves
cannot solve the intrinsic ambiguity of the data/analyses.

www.winMASW.com - geophysical software & services
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Our software applications are designed in order to solve this problem. This is
accomplished though the joint analysis of several components/observables, so to obtain
a final model (the Vs profile) free from major ambiguities (otherwise inevitable).

A simple conceptual scheme will clarify this crucial point (for details and synthetic and
real-world example see our books published by Elsevier and Springer).

Let us imagine we are considering three different observables (e.g. the Rayleigh-wave
velocity spectrum, the Love-wave velocity spectrum and the HVSR curve).

observable#1 , - observable#2

observable#3

In case we would use only the method/dataset A (e.g. the Rayleigh-wave velocity
spectrum), the possible solutions would be the A, B, C, D, E, F and G models.

In case we would use only the method/dataset B (e.g. the Love-wave velocity spectrum),
the possible solutions would be the G, E, F, L, |, M and H models.

In case we would use only the method/dataset C (e.g. the HVSR curve), the possible
solutions would be the F, O, N, Q and P models.

www.winMASW.com - geophysical software & services
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It is clear that the only model which is consistent with all the three considered
methods/datasets is the model F.

Only through the joint analysis of several observables you can obtain the right
model (in this case labelled as F), which is consistent with all the considered
data/methods.

A concrete/simple example is the joint analysis of Rayleigh and Love waves
(recorded by using just 12 horizontal geophones — see Guidelines for the data
acquisition) jointly with the HVSR.

www.winMASW.com - geophysical software & services
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Why you should not use (only) the vertical geophones

Example of synthetic dataset (classical ZVF component) to put in evidence the intrinsic
ambiguity of standard (single component) surface-wave data: a) considered Vs model
(numbers report the Poisson ratios); b) synthetic traces; ¢) phase velocity spectrum
computed from the synthetic traces (such a velocity spectrum is apparently simple
[smooth and continuous without any weird feature] and thus suitable for the classical
picking-and-inversion procedure); d) phase velocity spectrum with the theoretical modal
dispersion curves of the first two modes.
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The problem is that, once we plot the modal dispersion curves of the first two modes (d
plot), we realize that such continuous signal does not belong to a single mode but is
the combination of the fundamental mode (for frequencies higher than 40 Hz) and
the first higher mode (for lower frequencies)

It should be clear that, as a matter of fact, it is impossible to realize that the observed
data (c plot) are actually composed of two distinct modes and, by following the ordinary
approach, you would pick the dispersive signal in the ¢ plot as the fundamental mode,
thus eventually obtaining an erroneous Vs profile (with overestimated values).

It must be underlined that the inversion of the erroneously-picked dispersion curve would
surely provide a seemingly-good misfit (any dispersion curve— right or wrong—can be
associated to a subsurface model).

The practical consequence is that everything would seem simple and fine but, as a
matter of fact, the obtained solution would be meaningless (over-estimated Vs values).

This kind of data are impossible to solve since the phase-velocity spectrum
cannot be correctly interpreted in terms of modal dispersion curves.

www.winMASW.com - geophysical software & services
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In some cases, Rayleigh waves do not show any evidence of the fundamental
mode (see Dal Moro et al. 2015, Multi-component Joint Analysis of Surface Waves
or the Elsevier book). In the following figure are reported the phase velocity
spectra of the vertical (Z) and radial (R) components of Rayleigh waves and Love
waves with, overlaying, the modal dispersion curves.

Do you see that the vertical (Z) component of Rayleigh waves do not show any
evidence of the fundamental mode? The stratigraphy excites just the higher
mode(s).

Synthetic traces (Love - THF component)
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Example of dataset/site where the vertical component of Rayleigh waves do not show
any evidence of the fundamental mode. Only higher modes are excited (from Dal Moro
et al., 2015).

This means that without the “support” of the Love waves you will inevitably
interpret the higher mode(s) of the Rayleigh waves as fundamental mode and,
consequently, significantly overestimate the shear-wave velocities. This is why
you should not use (only) the vertical geophones (actually we rarely use them and
for just very specific goals — see for instance the PS-MuCAA tools).

What is the solution to these problems? The joint acquisition and analysis of
several components/observables (which is possible through several approaches
implemented in our winMMASW® and HoliSurface® software applications — see
Appendix about Surface-wave data acquisition).

More examples and details in the Elsevier and Springer books as well as in several of
the papers mentioned in the References.

In order to pursue such a goal it is crucial to implement a proper field equipment that
allows you to record data suitable for this sort of analyses (which are the only way to
avoid a long series of pitfalls widely described in the two above-mentioned books as well
as | n several articles published in specialized journals — see References).

www.winMASW.com - geophysical software & services
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To keep it simple: it is impossible to obtain a correct Vs profile if you try to analyse
the data recorded using just vertical geophones and the modal dispersion curve
(this is the standard approach that, unfortunately, several fellows still consider
the MASW method).

Also: as widely explained in our books and papers the acronym “MASW?” is nowadays
completely meaningless because by this acronym we can indicate a very wide series of
different techniques having completely-different performances (ESAC, multi-component
multi-offset MASW, HoliSurface, MFA, ReMi, FVS or modal analysis, modal or effective
curves and so on and so on: they are all “MASW”).

So, “MASW” no longer means anything.

Before buying your field equipment, please consider that “MASW” can (should be) be
something different that deploying a set of vertical geophones and then trying to guess
where the fundamental mode is (sometimes the fundamental mode does not show up at
all).

Remember that your goal is NOT to perform a “MASW/ESAC/HVSR
test” but to obtain the correct Vs profile.

In the section References we report a series of papers about all the "objects" (or, better,
observables) that can be analyzed thanks to the methodologies implemented in
winMASWP and HoliSurface® (multi-component MASW, MFA, FVS, ESAC/SPAC, ReMi,
RPM, MAAM, HVSR, SSR and SSRn etc.).

In winMASW®, the automatic inversion is performed via Genetic Algorithms, but we would
like to underline that forward (direct) modelling is often preferred.

Genetic algorithms represent an optimization procedure belonging to the classification of
heuristic algorithms (or also global-search methods or soft computing)

Compared to the traditional linear inversion methods based on gradient methods
(Jacobian matrix) these inversion techniques grant a very reliable result in terms of
precision and completeness.

VILEY INKREARTHLIMK MET
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Refraction tomography. Please, consider that:

1) “lt is now generally recognized that non-uniqueness is a fundamental reality
with the inversion of virtually all sets of geophysical data (Oldenburg and Li, 2005;
Treitel and Lines, 1988), including near-surface seismic refraction data (lvanov et
al, 2005a, 2005b). Nevertheless, there can still be considerable reluctance to
address the issue with the inversion of near-surface seismic refraction data, often
because of the implications for litigation with geotechnical applications.” (The
Inverse Problem of Refraction Travel Times, Part |: Types of Geophysical
Nonuniqueness Through Minimization - lvanov et al., 2005, Pure and Applied
Geophysics 162(3):447-459; DOI: 10.1007/s00024-004-2615-1)

2) “The inversion of near-surface seismic refraction data for geotechnical and
environmental investigations is fundamentally non-unique. It is possible to
generate tomograms, which range from the geologically improbable to the very
detailed, all of which satisfy the traveltime data to sufficient accuracy.”

&

“It is concluded that the major effect of tomography is largely cosmetic: refraction
tomography rarely, if ever, improves resolution. Furthermore, a simplistic
comparison of the misfit errors of tomography does not “prove” that a given result
is either “correct” or even geologically reasonable. It is proposed that the three
tomograms generated with detailed GRM time and velocity models for the
optimum XY value and plus/minus half the station spacing, constitute a more
useful measure of the uncertainties of refraction inversion.” (Are refraction
attributes more useful than refraction tomography? Derecke Palmer, 2010 - First
break, 28)

In simple terms: solution obtained from seismic refraction is also non-unique and
tomographic processing does not solve the problem. In addition to this, the Vp
values obtained considering the vertical component (vertical geophones) are
necessarily heavily influenced by the saturation conditions of the subsurface
materials (see compressibility parameter in the equation defining the Ve values),
which do not seriously affect the Vs values (compressibility is not involved in the
equations defining the Vs value). This means that if you perform a P-wave
refraction survey, you will obtain one of the possible solutions (in terms of Vp)
which is related to how much water there is in the soil (in alluvial plains with
shallow water table, Vp refraction study will allow you to see the depth of the water
table but nothing below it). On the other side the Vs values indicate the
soils/materials in a more straightforward manner.

In order to obtain 2D Vs sections, remember that you can use the
SuPPSALA tool from winMASW® Academy.

www.winMASW.com - geophysical software & services
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Please remember that, in addition to software applications for the data analysis, we also
provide hardware solutions (seismographs, seismic cables, geophones etc.) for the
correct and efficient acquisition of the field data necessary to obtain an unambiguous and
robust solution (i.e. the correct subsurface Vs profile).

Vs equivalent (VsE) [the mean Vs down to the bedrock depth]

The Vs equivalent (VsE or VsH) is defined according to the following equation:

where the depth H is the depth where Vs is equal or higher than 800 m/s (seismic bedrock).

In case the seismic bedrock is deeper than 30 m (from the foundation depth) VsE = Vs30.

Quality is never an accident; it is always the result of intelligent effort
John Ruskin

Active and passive seismics? A short note

Nowadays the expression “passive seismics” and “active seismics” are often used to
indicate very different techniques. It is therefore, when we speak to somebody, to indicate
exactly the techniqgue/methodology we are interested in. Passive (or active) seismics, in
fact, means nothing. We can refer to HVSR, SPAC, ESAC (single of multi-component?),
ReMi (single or multi-component), MAAM, interferometry, microtremor correlation
etcetera.

Similarly, we can deal with several kinds of active data (multi-offset MASW can be both
single and multi-component), HoliSurface® and so on.

Please, have a look at the list of main abbreviations in the beginning of this manual.

So, do not be vague and clearly indicate the specific
methodologies you are dealing with.

www.winMASW.com - geophysical software & services
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The seismic components

In simple terms, the components can be imagined as the directions along which we
record the particle motion.

We can consider the picture here below:

«the Love waves move along the T (transversal) component, as well as the SH
refracted waves;

» Rayleigh waves move along the vertical (Z) and radial (R) components [as well as the
P-wave refracted waves]

By multi-component analysis we mean the joint analysis of the data recorded along two
or more directions (this allows to consider several possible objects — see for instance the
papers “Improved Holistic Analysis of Rayleigh Waves for Single- and Multi-Offset Data:
Joint Inversion of Rayleigh-Wave Particle Motion and Vertical- and Radial-Component
Velocity Spectra” and “Effective Active and Passive Seismics for the Characterization of
Urban and Remote Areas: Four Channels for Seven Objective Functions”).

winMASW® 3C, Professional and Academy aim at the joint analysis of different
observables to define a well-constrained solution (i.e. a detailed and robust Vs profile).

HS

Z (vertical component)

R (radial component)

source <T

(transversal component)

We always suggest the multi-component acquisitions and analyses that strongly reduce
the ambiguities in the data and analyses (see for instance the case studies in the Elsevier
book as well as more recent published papers).

For common studies we recommend to use just twelve (12) horizontal geophones
(so that you can analyze both the RVF and THF components), while for more
important jobs you can go for instance for the ZVF+RVF+RPM analyses (see
pertinent section).

Please, notice that if you use just the Z component (vertical geophones) several
ambiguities will affect the solution (see introductory section of the manual).

www.winMASW.com - geophysical software & services
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ELIOSOFT provides fully-equipped ACQUISITION SYSTEMS (seismographs, seismic
cables, geophones etc.) optimized for the efficient acquisition of multi-component
holistic seismic data

*45 Hz vertical and horizontal geophones (for MASW and ESAC acquisitions):
remember that, for active MASW, Rayleigh (the radial component) and Love waves can
be recorded using only horizontal geophones

* High-sensitivity vertical geophones (for ESAC and MAAM acquisitions - MAAM is a kind
of mini-ESAC implemented in our HoliSurface® software application)

» 3-component geophones (which are equalized via software down to about 0.2 Hz) for
HVSR and optimized joint acquisition of HoliSurface®, ESAC, ReMi, MAAM and
vibration data.

* Double borehole geophones. Having a double borehole geophone allows you to halve
the acquisition effort and our ELIOVSP software application is designed so to easily
and efficiently manage also this sort of data (jointly with the HVSR curve, so to
significantly increase the investigated depth).

3-component HOLI3C geophone
(passive geophone to connect to your seismograph)

www.winMASW.com - geophysical software & services
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Vertical and horizontal geophones and the metallic tripod for working on asphalt cover

Your clips: when you order your geophones, please remember to indicate whether your seismic cable
accepts Split Spring or Mueller-type clips

Split Spring _

SOFTWARE APPLICATIONS
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HoliSurface winiMiIASW

Holistic analysis of surface waves

: ; surface waves and beyond
and vibration data

|
SRETESRNNERERRRNERALAGE

ReflexW

RayFract

DATA PROCESSING for your seismic data (see our ADAM2D service)
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The winMASW® software application works only on 64bit Operating Systems (OS).

It is important to frequently update your operating system (“windows update”) in order to

let winMASW properly use updated functionalities.
We recommend Windows11 (but win8 is fine as well).

If you are using a Mac, there are several possibilities to run a windows software:
https://www.howtogeek.com/187359/5-ways-to-run-windows-software-on-a-mac/

While for winMASW® Lite, Standard, 3C and Professional, no special requirement is
needed, for the Academy version (and HoliSurface®) and some of its most advanced
features (e.g. the Full Velocity Spectrum (FVS) inversion, PS-MuCAA etc.), in order to
fully exploit the potentiality of the software, we recommend to work with a computer with a
good CPU.

We might for instance consider the Intel i9-10900 K (10 cores, 20 threads) or the AMD
Ryzen 9 3950X (16 cores, 32 threads) CPUs. On the other side, if we plan to analyse
(almost daily) a massive amount of data, you can set up a real workstation with a
motherboard capable of handling two Xeon CPUs (with a sufficiently-large number of
cores), thus doubling the number of cores.

In this case, if you buy the right motherboard, you can initially install just one (Xeon)
CPU and, in case in future you decide to further increase the computational power of your
workstation, you can then install a second CPU.

This is the solution we recommend in case you plan to analyze a large amount of data
according to the more advanced procedures possible in winMASW® Academy and/or
HoliSurface® (so this is not necessary for “standard” MASW/ReMi/HVSR/ESAC
analyses): buying a workstation with a motherboard capable of handling two CPUs.
Initially you can install just one (not less than 8 physical cores) but you will be able to
install a second CPU (in case your needs grow). The cost will be surely higher compared
to an ordinary computer but your work will significantly benefit from it and your

workstation will continue to be an excellent tool for many more years.
RAM: 16 GB (for winMASW® Academy and HoliSurface®)

Monitor resolution: 1920x1080 (or higher)

www.winMASW.com - geophysical software & services
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Thanks to the "current releases & benchmarks" button (from the main panel of the
software), you can get an idea of the performance of your processor (the power of one
single core) compared to a set of reference systems.

Here is an example for an old CPU composed or pretty slow cores which is nevertheless
still quite powerful since the total number of cores is pretty large (in this case 36).

[#] MATLAB Benchmark (times - = X
Computer Type LU FFT ODE Sparse 2D 3D
Windows 10, AMD Ryzen Threadripper(TM) 3970x @ 3.50 GHz 02008 01881 0.3469 04396 02029 01117
Debian 10(R), AMD Ryzen Threadripper 2950x @ 3.50 GHz 03122 0.2377 0.3219 05047 0.5941 01631
iMac, macOS 11.2.3, Intel Core i9 @3.6 GHz 0.3278 0.2648 0.2674 0.2763 0.6898 0.3946
Windows 10, Intel Xeon(R) W-2133 @ 3.60 GHz 0.4154 0.2991 0.4348 04574 0.3167 02184
Windows 10, Intel Xeon CPU E5-1650v3 @ 3.50 GHz 04614 0.3030 0.4455 04433 0.3559 0.2623
Windows 10, AMD Ryzen(TM) 7 1700 @ 3.00 GHz 07507 05163 04884 05441 03397 0.1849
Windows 10, Intel Core i7-10610 @ 1.8 GHz 09218 0.4394 0.3666 0.3844 0.7386 06251
Surface Pro 3 Windows(R) 10, Intel(R) Core(TM) i7-5600U @ 2.6 GHz 1.7475 0.9090 06178 05711 05713 03623
MacBook Pro, macOS 10.15.2, Intel Core i5 @ 2.6 GHz 16237 0.9786 0.5446 06173 25214 20229
This machine 0.4473 0.2700 0.8640 0.8753 24623 11.8298
Place the cursor near a computer name for system and version details. Before using
this data to compare different versions of MATLAB, or to download an updated timing data file,
see the help for the bench function by typing "help bench" at the MATLAB prompt
B MATLAB Benchmark

Relative Speed
T

Windows 10, AMD Ryzen Threadripper(TM) 3970x @ 3.50 GHz

Debian 10(R), AMD Ryzen Threadripper 2950x @ 3.50 GHz

iMac, macOS 11.2.3, Intel Core i9 @3.6 GHz

Windows 10, Intel Xeon(R) W-2133 @ 3.60 GHz

Windows 10, Intel Xeon CPU E5-1650 v3 @ 3.50 GHz

Windows 10, AMD Ryzen(TM) 7 1700 @ 3.00 GHz

Windows 10, Intel Core i7-10610 @ 1.8 GHz

Surface Pro 3, Windows(R) 10, Intel(R) Core(TM) i7-5600U @ 2.6 GHz.

MacBook Pro, macOS 10.15.2, Intel Core i5 @ 2.6 GHz

This machine
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The software installation is pretty simple: just click as Administrator on the exe installation file (for
details please read the README.PDF file in the winMASW DVD) and follow the simple an
standard procedure/instructions.

PAY ATTENTION

According to some operative systems (Windows Vista in particular) the management of
privileges and writing in some files is quite restrictive.

It was noticed that (especially with Vista) installing the software outside the “system
folders” (C:\Program Files, C:\Programmi e C:\Windows), that meaning inside dedicated
folders (as for instance C:\winMASW o C:\geofisica\winMASW) can help sorting that
matter out, avoiding consequent problems.

Should you face any problem when launching winMASW (this usually happens with
Windows Vista) first check the privilege details (by clicking the right key of the mouse on
the winMASW icon on the desktop).

It is necessary that the winMASW user has a writing privilege on the folder
“winMASW/output” (if you set up the software as “Administrator” and then launch it with a
different user this might not happen).

If using Windows Vista it is strongly suggested to install the software in an external folder
as “C:\winMASW'.

Install the software as Administrator of the computer and
run the installation executable using the right button of the
mouse ('run as Administrator")

13! Installazione di winMASW =[] x|

Benvenuti nel programma i
installazione di winMASW
winMASY versione 21 sara installato sul computer.

Siconsigla di chiudere tutte le appicazioni attive prima di
procedsre,

Premere Avanti per continuare, o dnnulla per usciie

b

The winMASW application refers to Matlab libraries, simultaneously installed with the software
(choose English as set up language):

Choose Setup Language ﬂ

@ Select the language for this installation from the choices belov.

‘ Ingleze [Stati Uniti) L!

Should the Matlab libraries already be installed in your Computer, in following window choose the
option “modify”
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1) MATLAB Component Runtime 7.5 - InstallShield Wizard x|

Program Maintenance
IModfy, repair, or remove tha program.

= Modify

Change which program Features are installed. This option displays the
ﬁ Cwu'ndmwact\m diaog in which you can change the way feabures are
inst: 8

 Repair

= Repar installation errors in the program. This option fixes missing or
: cornupt files, shortouts, and registry entriss.

" Remove
& Remave MATLAB Componert Runtime 7.5 from your computsr.

< Back Next > I Cancel

During the set up of libraries a message as follows might display:

1 MATLAB Component Runtime 7.5 I istaller Info x|

NET Framework is ok installed, IF you require it
select Cancel and install \NET Framewark first,
Ctherwise, select OK to continug,

Cancel |

Just click on “Ok” , ignoring it!

Firewalls and parallel computing

If your firewall is particularly strict, it is possible that when you lunch the software a message like
the following appears:

® Avviso di protezione Windows.

Windows Firewall non consente al programma  sccettare connessioni direte in entrata, Se sl
ragramima, lo sbiocca avra effetto in tutte Je reti pubblica s cui o = cannette. Rischi
sblocce diun progranma

MplexEC.exe
Sconoscilko
Percorso; Cipr
Percorso di rete; Rete pubblica

Continua abloceare | @sblocca |

This happens cause, in order to exploit all the workers/cores of your machine, it is necessary to
perform some operation that must be explicitly allowed. So do not worry and allow that.

Possible problems with some anti-virus systems

Some anti-virus systems might be unable to manage the software protection based on the
envelope system that protects winMASW. In this case it is possible that your anti-virus will
warn you about a trojan in the winMASW.exe binary application. In that case just tell the
anti-virus to ignore the folder where you are instaling winMASW. Smarter anti-virus
systems (we might suggest the free and excellent AVG) do not have such a problem which
so far occurred with AVAST, AVIRA, Panda, Trend Micro Internet Security and Eset
Nod32 (which we strongly advise against).

Once the installation is done the icon winMASW will display on the desktop (the usual double
click will launch the application)

WinMAasW
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Also, a group winMASW is created on the Windows programs main menu (see snapshot):

o Preferiti

. Nero -
. Morton Internet Security

. Norton Online Backup

. NVIDIA Corporation

10 Packard Bell - Sicurerza e supporto Documenti
.. Packard Bell GameZone

. QuickTime Imrnagini

. Real )

|| Rockey4ND SDK V1,30 MisKa

. sesarray-2.0.0-beta o

| Skype Giochi

. SolidWorks 2011
. Suite grafica CorelDRAW X4
. Video Web Camera
. Windows Live
. winMASW 4.1 DEMO L
o winMASW 4.3 Pro
1 winMASW 4.4 Academy Programmi predefiniti
|#| Connect to winMASW internet site
. Documents
ﬁj Uninstall winMASW 4.4 Academy
B winMasw 4.4 Acd
1 WinRAR

|| Wisdorn-soft AutoScreenRecorder 3 Fre - |

Computer

Pannello di controllo

Dispositivi e stampanti

m

Guida e supporto tecnico

1 Indietro

rogrammi € file P|

U
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The winMASW® software works by means of a hardware key (USB dongle)

To know more about costs please ask the distributor or look up the web pages dedicated
to winMASW® in the ELIOSOFT web site (www.winmasw.com)

In case the USB dongle gets damaged a new one only can be obtained after receipt of
the damaged one and after the new dongle + its delivery expenses are settled.

ELIOSOFT (as well as any software distributor) can’t be responsible for any improper use
of the software due to misuse or misunderstanding or bad knowledge of the
MASW/MFA/ESAC/ReMi methods.

Possible advices/alternative interpretations of the software (the purchase of the license
actually gives the possibility to achieve two different interpretations) forwarded by users
are allowed to be used by ELIOSOFT for further teaching and exemplification purposes.

Technical support is provided by e-mail (winmasw@winmasw.com) or on the phone (visit
the website www.winmasw.com for updated information)

Free of charge upgrades are available within the first year of purchase (new software
versions). That time expired, a fix quote is requested according to both the date of
purchase and to the version (standard or professional).

The routine for the computation of the H/V spectral ratio from body waves (available in

the 3C, Professional and Academy versions, as well as in HoliSurface®) is provided to
ELIOSOFT under license of Prof. Herak (University of Zagreb, Croatia).

Educational License

universities and scientific institutions can ask for an Educational License
granted at special conditions.

https://www.winmasw.com/_uk/contatti
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Active data acquisition: it is recommended to use file names with a clear and straightforward
meaning (see our books published for Elsevier and Springer in 2014 and 2020, respectively).

Acquisition of HF data for the analysis of Love waves and SH-wave refraction
(details in the Springer book)

. e e
% Shear source: the plate is set vertically (in a small hole dug in the ground).

4 The horizontal force (hammer) is applied perpendicularly to the geophone array.

geophone axis

{ propagation direction

Passive data acquisitions (for all the methodologies): it is recommended not to record
exceedingly-large files (you may have problems managing them). Maximum sampling frequency
can be fixed by considering the Nyquist-Shannon theorem (if you are interested in the
frequencies up di x, you should use a 2x sampling frequency — consider that, usually, passive
data are relevant only up to 30-50 Hz or so).

If, for some special need, you need to monitor a site for 12 hours, instead of a single 12h file
sampled at 250 Hz, it is recommended to reduce the frequency sampling to 100 Hz and record,
for instance, six 2-hour files (most of the up-to-date acquisition system can be easily programmed
so to do it automatically).

www.winMASW.com - geophysical software & services
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Three ways to produce Love waves

The acquisition and analysis of Love waves in a crucial point in surface wave analysis
(please see our Elsevier and Springer books and references therein mentioned).

You can produce SH (and therefore Love) waves by using a classical wooden beam as in
the following photo:

In order not to damage the wood, you can also cover the beam with the polyethylene
plate used for the VF acquisitions:

www.winMASW.com - geophysical software & services
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Finally, when working on soft soils, you can dig a small hole in the soil and place the
polyethylene plate (almost) vertically like in the following picture:

www.winMASW.com - geophysical software & services
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When winMASWP is launched, together with the main panel, a black DOS window
background appears, containing all information about analysis and warning/error
messages.

4] winMASW® - Surface Waves & Beyond - O X

ERIEIET Y T NvE | q

parallel computing

- Internet sites - ~
Parallel Computing Off
(pleazs activata)
40 ?
: surface waves & beyond where am 12 (6751
open working folder Www. winmasw.com _
\ELIOSOFT\Dati\data_in_progress\Baciacavallo\MASW
single-component analysis (Rayleigh/Love) (+ HV) passive seismics
ReMi ?
 Vtty S o Py -
Dispersion Curve or Vel. Spectrum Inver. ? HV3R tools
Joint Analysis of Phase & Group Velocities ? _ Li
Rayleigh-Wave Attenuation Analy sis ? sl st EEE LR [ T L s
joint analysis of Surface Waves (+ HV) joint inversion of dispersion & HVSR/PRM
ot iversionof suface Waves  ointinversion of Rayeigh aves (DspePtn)
Academy - release 7.1 check current release

Please remember to register your purchase: winmasw@winmasw.com (read carefully the license)

The very first thing to do is the activation of the Parallel Computing (see upper right part
of the main window). This will allow a full exploitation of multi-core CPUs thus reducing
the computational times required by some operations (this is particularly important if you
deal with the computation of synthetic seismograms and related procedures such as the
full velocity spectrum inversion).

www.winMASW.com - geophysical software & services
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4 winMASW ® - Surface Waves & Beyond ~= m] o
o= v oo BlyS S :
paraliel computing ey
- Iniernet sies - b
Parallel Computing On
(40 workor e}
B surface waves & beyond where am 1? [GPS] |

opar wolkg Tokter www.winmasw.com ;
I\ELIOSOFT\Dati\data_in_progress\Baciacavallo\MASW

single-component analysis (Rayleigh/Love) {(+ HV) passive seismics

R TU

Dispersion Curve or Vel. Spectrum Inver. ? HVSR tools
| Joint Analysis of Pha_se & Group Velocities ? _ 7
Rayleigh-Wave Attenuation Analysis ? ] [ N Ao
joint analysis of Surface Waves (+ HV) joint inversion of dispersion & HVSR/PRM

Joint Inversion of Surface Waves

Academy - release 7.1 check curent release

Please remember to register your purchase: winmasw@winmasw.com (read carefully the license)

Please, notice that if you store your field datasets in a certain folder (e.g.
“Desktop/Berlin”), the output folder will be automatically created within such a “working
folder” (that you must set from the main or any other panel of winMASW®).

We suggest to download our video tutorials in the winMASW/Documents/videos folder
(then accessible from any panel —icon &),

Manuals are also accessible from any panel (icons €@ — for the English & Italian
version).

See video tutorials from our YouTube channel and in the winMASW® USB.

www.winMASW.com - geophysical software & services
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GPS data in our software applications (winMASW®, HoliSurface® & ELIOVSP®)

In most of the panels, it is possible to upload an image (to include in the report)
and, in case such an image contains GPS information (several APPs of your mobile
can do that [e.g. MapCam or GPS Map Camera] as well as all the Action Cameras [e.qg.
GoPro] and drones), the GPS information (Latitude, Longitude, Altitude and number
of satellites) will be reported and shown in the output report.

See also the “managing multiple geo-referenced photos [exploration of large
areas]” appendix.

Of course, it is possible to upload any photo you want to automatically insert in your
report, even without the GPS information.

MapCam GPS Map Camera  Action cameras Drones

Lat: 45 54 08163 N

Long: 13 23 554222E

Lat: 45.9002267500000016288145 N

Long: 13.398728385888889284658 E

?- 4-7'3”
’b “"ﬂ' P T

iw
v q.- > —

Y ,-.‘l'r =
’gé‘::"':ﬂfv’\‘}“b‘ ‘

WWW.wWIiNnmasw.Com

Altitude: 75 m

Lat: 45 54 0.632412N

Long: 13 23 552476 E

Lat: 45.9001756700002658817539 N

Long: 13.3986798900005847912098 E

www.winmasw.com
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4.1 Single-component analysis: velocity spectra, picking,
modelling (dispersion, refraction and HVSR)

MASW, ESAC, ReMi, ESAC & MFA analyses (phase and group velocities)

4.1.1 MASW Analysis

First upload the common-shot gather. Execute it clicking on the icon top left, allowing to open the
needed file (see the box regarding the supported format). Due to frequent and possible common
shots mistakes, the user always need to verify that the input data (min offset, distances between
traces, and so on) are correct and if necessary, correct them.

According to the execution mode (order of the traces) it can be possible that the dataset be
“inverted”. In this case you only need to click on “rotate traces” (see box “Rotate traces”) giving
consequently an order to the data.

Once the data are uploaded the next step is the calculation of the Velocity Spectrum, through the
relevant homonymous button. The user has to input velocity and max and min frequencies (in
other words, the limits of the velocity spectrum) (see figure 1a)

The result will be similar to what you can see in figure 1b.

In the case you are not happy with the spectrum window (frequency-velocity interval) and you
prefer to have a better vision of the area where the signal of interest is actually concentrated (the
dispersion curve(s) related to surface-wave propagation), you can recalculate the velocity
spectrum with new parameters, by clicking again on “phase velocity” (for MASW analyses) or
“group velocity” (for MFA analyses).

Since the input data here also will be considered for the spectrum as shown in the results window
(see figure 7a). We suggest to use such limits that can give a clear visualization without need to
zoom in.

Button “flip traces”

Dominio x-t

o

Wrong lay out

=)
)

An erroneous disposition of the channels
can give following common-shot gather
(arrival times decrease as the offset
increases).

Click on the button “flip traces” to obtain
below lay out.

=
Y

Tempo (sec)
o
o

=
(=)

-

Offset (m)

Dominio x-t

o

Right lay out

o
o

o
ES

Right layout of traces (offset increasing
rightwards)

Tempo (sec)

=
@

1 11 }

o
@

i |
20 40 60 80 100
Offset (m)
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Tool for removing traces from the uploaded dataset (Academy version)

Upload a dataset:

— #1: uploading & processing (MUASW hyses)

datsset bdst
sampling: &125 ms
minimum offset -2.5m
geophone spacing: 8.5 m
normalized traces
[u}
- :- s
[u)5 [ SERLSER T BRI T O o ‘ﬁ .4
K
=yl =] SRS (6 (Y S % ) Y (0 S | T S N (O O (Y R (RS % U B % O TR
E
-2 n} 2 4 & a8 10
afiset (m)
= FESAmOENg - r data selecton - Terng & specire — refr. Erefl —
1w [civom | [Ctmer | (cancel] [retesran ] 100
0 .
[omcn) [amm) [ ome ]
— cther tools & setting
0.511875 time kength 1o visusize () [dene |  [ne weces) [ test smptuce | [zere padng

In this example the shot is “internal” to the geophone array (minimum offset -2.5)

By clicking on the @< icon in the toolbar you will get the following panel:

original dataset

01}--

02}---}-t-1--l-F4-f-+-1-4-4-f- -} -1 - 4-b-2} 4

traces 1o keep 124 .Ej —.ﬂ]
In the “traces to keep” box the user must insert the traces to keep by adopting the following
syntax:

first trace to keep : step : last trace to keep
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In the following example we keep all the traces from 6 to 24 (all of them, since the step is 1)
(please notice that by writing for instance “6:2:14” we would keep the following traces: 6 8 10 12
and 14)

B winMASW - remoning traces o)

original dataset P new dataset
- wi g
02f------ --------- S I o o o o O S o B o o 0 R
L ] ' --------- B S o S S O o) B S SL . B S o et
-2 0 2 4 & § 10
oftset (m) offset (m)
— )

We first click on “show” to see whether the parameters we inserted are the right ones and once
we are satisfied with the (new) dataset we just click “accept”. This way we get back to the main
panel:

#1: uploading & p ing (MASW

datasel b.dat

sampling: 0,125 ms

minimum offset 0 m

normalized traces
U “- =
B SRR CECARRDE I 553

=

el 1. -3 SRRV FFP P P PSSO U N PR BRT. (PP P (EUE AP SO 'R L VL AR PR

£

= o0aEb RS L (R NN JUN N R [ A RN SRR Y (U A A T Y R
0_4_. S NN TEF RN B S S EET TR I T R (R A [P AR R
045 ....... [ S DI T A SN AN TET TTTY F DU N, P, RN B S R T Sem—
05_.._..._.. Y B N——

1] 2 4 B g 10
offset (m)

— resamging— —— data selecion —— — fitering & specira— refr, & refl —
1 [Lriter ] refriref | 100
[resamote] & [spectum |

spectrum
spectrogran

— other tools & setting

0.511875| time length to visualze: (s) [done| [fiptraces) [ test ampituge | [zero padding]

Now the user can continue with the analysis (it is not necessary to save the new dataset in a new
file, but it can be done using the “save” button in the “data selection” group.
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Bl winMASW - data upload processing & modelling [=l=] = ]|
oeleltE: M EoolS =(H "
— #1: uploading & (MASW analyses) — #2:velocity spectrum, modeliing & picking (MASW & ReMi analyses) visualize curves —

dataset somma-stist2.soy
sampling: 0.28 ms
minimum offset 1.5 m
geophone spacing: 1.5 m

normalized traces

T

(=]
o

resampling—

acivate |
[ setect

1 -

resample
accept |

data selection ——

60

cancel | [save

fiter |  [cancei]

spectrum
spectrogram|

fitering & spectra—

refraction —

[refraction] | 100

|upioad| [save
| ciear refraction

offer tools & sefting

1.02362 | Time length to visualize (s) [ done

| flip traces

[ zero padding

— MASW: compute velocy spectrum

phase veiocity| [7] 1k | group velocity. |

handing the spectra —

B Velocity Spectrum Paramet... | ——

velocity spectrum; define limits

— velocity (mis)
20 1600
minimum maximum
— frequency (Hz}
1 80
minimum maximum

o]

[ expiore spectrum

“nnm curve] [2] ‘

picking —

[ [show ik

the right bution

Frr=min

| cance! picking |

inversion —

inversion

Joint DC-HV: inv.

@
— general setin

Rayleigh

T HvsA

0 |Reference depth

Ws [mis] poisson thickness (m}

100 | [035 1
Z

" 180 | [0.35
3| [phasevel 3| | 2801 L0835 £
400 | [035 7
[T Remracton | (200 Tgas o
[ 035 [

4 |V modes
[] 035

- Synthetics —

modelling —

www.winmasw.cCom I

@velnm

MASW: compute velocy spectrum

— #2:velocity spectrum, modelling & picking (MASVY & ReMi analyses)

handing the spectra

[-save | [uposa | [ merge

Itk | oroup veiosiy | |

phase velocity (m/s)

velocity spectrum

frequency (Hz)

visualize curves —

| explore spectrum|

picking —

2] [show k]

o
the right button

[sovepsting (2]

[ cancel picking
inversion —
[ inversion
Joint DC-HV inv.

modeliing —

general setti

[l HvsR

Rayleigh ¥ 3

0 |Reference depth

Vs (mis] Poisson thickness (m)

about Poissen| [ 100 | [ 0.38 2 calculate |
ng 180 | [ 035 2 upload mod.
6 35 5
phasevel ¥ 250 o save model
4w | [035 7 G
Dl Refraction | o551 [ss 0 )
[1] 035 0 e
T v modes [Crepon ]
0 ] [035

-~ syntheties —

VF

=]

elastic

[ shows DC

| syntheties

www.winmasw.Ccom

— #1: uploading & (MASW analyses)
dataset: somma-st1et2 gy
sampling: 0.26 ms
minimum offset. 1.5 m
geophane spacing: 1.5 m
normalized traces
o
=
2
01f-
02
[alkcl RO
04
&
~ 05
£
T 0Bt
07
08
08
by i
1} 15 20 25
offset (m)
(— resamping— —— data selection — fitering & spectra—; refraction —
T B activate fir | - cancel [ refraction| | 100
0-99Hz —
[resampie select 80 | upload| [ save |
cancel | [ save =T [ ciear refraction |
other toals & setting
(1 02362 | Time length to visualize (s) [ done fip traces| [zero padding|

Figure 1. Calculation of the velocity Spectrum. The limits of the window need to be
entered: frequencies and velocities (min and max).
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f-k spectrum
In case the f-k option is activated the f-k spectrum will also be shown:

Amplitude log{Amplitude)

k (1/m)
k (1)

10 20 30 40 a0 B0 70 a0 10 20 30 40 a0 BO 70 a0
f(Hz) f(Hz)

So in case of picking/modelling, you can see the curve in both the domains (f-k and f-v):

(g . S S e
~) s | pon B - - -
oL T|Ee v BEeooRne =4 2
— #1:uploading & ing (MASW analy — #2: velocity spectrum, modelling & picking {MASW & ReMi analyses)——— _ visualize curves —
T — MASW: compute velocty spectrum handing the spectra — { ] (@)
sampling: .26 ms phase veiocty| 7]k | aroup velocity ‘ ["save | [(upioas ‘ ['sxpiors spectrum |
minimurn offset 1.5 m
geophone spacing: 1.5 m i o — picking —
normalized traces velocity spectrum s
0 - 1600 P [2] [show &
= !L fundamental
01 — s
1400
0o} . J
4 1200
03 3 _
@ axe
04 E 1000 [save piewna | (2]
=
= tmp.cdp
<= Boo —
2 | cancelpicking |
@
£ 610 inversion —
o7t 1 s
inverson__|
Ll [soint Detiv in. |
0g
& i i i i i =
o 5 10 15 20 .} 30 a5
offset (m) frequency (Hz) B
modelling — d
Vs (ms) poissan thickness (m) 2
o ~ synthetics —
resampling— —— data selection ——  — fitering & spectra— refraction — \1\ {about Poissen | | 100 | | 0.35 1 calculate i %
T B activate [Crter ] [cancel] refraction| | 100 — general setting ——— 180 | [038 3 [upadmog] | IZVF ¥ E
0-00Hz —
resampie | sect | | 60 e upload] [save rayeign =3 ] [anasevel =) | [ 20] (35] L5 [savemodel] | 9] clastic c
accept | | | [Ccancel | [save | | | [spectogram clear refraction | 4o | [o35| | 7 rstesh | | [ 2
0 Reference depth || Refraction 00 035 0 [ na mogess g
— other tools & sefting 5 = 2 - [synthetios
— —— [THVSR | 4 | Hiv modes [Lrsport | 3
102362 | Time length to visualize (s) [done [fi traces [zero padding| o | [03s 2
Amplitude log{Amplitude)

k (1/m)
K (1)

1a 20 an 40 a0 60 70 a0 10 20 a0 40 al 5] 70 ]
f(Hz) f(Hz)
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Important: just model, do not invert!

Techniques based on the analysis of surface waves propagation are more and more
common, but some aspects related to their generation and propagation impose to proceed
with caution, as it means determination of velocity spectra and picking of the dispersion curve
we want to invert.

This topic is considered for instance in the following papers:

Dal Moro G. and Ferigo F., 2011, Joint Inversion of Rayleigh and Love Wave Dispersion
Curves for Near-Surface Studies: Criteria and Improvements, J. Appl. Geophysics, 75,
573-589

Dal Moro G., 2011, Some Aspects about Surface Wave and HVSR Analyses: a Short
Overview and a Case Study, BGTA (Bollettino di Geofisica Teorica e Applicata), invited
paper, 52, 241-259

Please also regularly visit the www.winmasw.com site (section “publications”).

From a practical point of view please consider the following:

1. It is absolutely untrue that the maximum energy related to the surface waves is
necessarily associated to the propagation of the fundamental mode: many modes can
coexist in a same dataset

2. It is absolutely untrue that higher modes only appear at high frequencies. They can
instead exist at low frequencies as well and several “mode jumps” can take place.

As a consequence, it is often advisable to replace the picking->inversion procedure with the
“direct modelling” (see relevant section): searching the more logic coherence between energy
distribution in the velocity spectrum (so far the only objective data) and theory dispersion
curves from a model which the user tests and modifies, starting from prior stratigraphic
knowledge and data (through the direct modelling procedures).
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Seismic data format

winMASW can currently read the following formats:

1. segy format (.segy or.sgy). This is a standard format suggested by the
Society of Exploration Geophysicists (SEG).

2. seg?2 (.dat or .sg2). This is a well known “common gathering” format. Many
of the current available seismometers use this data writing format (typically in
the integer 32 bits or Floating Point 32 bits formats). From the 3.0 version the
software can automatically recognize the format but, in order to correct
possible mistakes of the seismometer, the user is allowed to “force” the
format

3. SU format (seismic Unix). Traditional format (although not frequently used)

4. ORG format (.org): traditionally used by many OYO seismographs (integer
32 bits traditional format)

5. ASCII format (.txt or .asc formats). Some devices and software use the
ASCII format (that can be read with any text editor) where the columns
represent the different traces (in other words this is a m x n matrix, being m
the number of data and n the number of traces).

Please, notice that the format is

first line: dt (sampling rate in seconds),

second line: offsets (in meters) - don’t have to be equally spaced

Example (dt 1millisecond, minimum offset 6m):

0.001
6 10 14 18 22 26 30 34 48 52
2.89 -40.07 12533 2735 76.92 -29.89 26.04 -55.37 117.62 -66.34
92.11 -86.07 -16.67 13535 62.92 93.11 119.04 38.63 -124.38 57.66
90.11 93.93 130.33 161.35 9492 170.11 111.04 127.63 -24.38 35.66
211 -151.07 99.33 835 178.92 -8.89 72.04 -93.37 2262 -21.34
-36.89 56.93 -77.67 12135 33.92 171.11 14.04 63.63 -33.38 50.66
10.11 15983 126.33 43.35 159.92 43.11 127.04 -0.37 95.62 -37.34
51.11 -118.07 9.33 4335 157.92 4411 -29.96 -116.37 13.62 1.66
91.11 5793 100.33 228.35 78.92 214.11 146.04 139.63 28.62 66.66
53.11 -91.07 43.33 -30.65 139.92 -28.89 41.04 -56.37 75.62 -59.34
411 10.93 -94.67 12435 -54.08 190.11 -3.96 -22.37 -95.38 74.66
4211 -1.07 11.33 -24.65 1.92 3711 117.04 -71.37 92.62 -40.34

6. Matlab format (.mat). Actually very similar to the former one, but written
according to the Matlab protocol. It deals with a simple matrix and the user
has to input relevant data to the sampling interval, the min offset and the
geophone distance.

7. SAC format (big endian): a common format for seismological data (used
for 1-channel dataset).

www.winMASW.com - geophysical software & services
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Numerical data format
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When uploading data it is very important the format be correct (chose from a scroll
menu like “Floating-point 32 bits”, “Integer 16 bits” etc.).
If the format is not correct the visualization will be different from what you see in
figure 1 for instance, where the seismic trace correctly displays according to the so

winMASW - Determinazione dello Spettro di Velocita

— primo passo: input dei dati

m winMASW - Determinazione dello Spettro di Velacita

— primo passo: input dei dati

input file
1093, dat
:E'::FH SRR
St aadE PR Y ERE A RN
o FrE
"7‘7?-, > ) :1_:;:
TR |
gozt i iinn et i
= TEEEE R ?’??;" 150
g ulatpasy £13 P!:"E
S e b
HIEPR T IS >73)
04r "3|\\' ol it |
SR E O I T
1y e H
Fijyvnng g N l
05 L R las
10 20 30 40 50
offset (m)

rilale fracea |

The t- velocity domain

called “wiggle”
modus

Herewith two more
examples of the
evidently wrong
reading format are
provided.
winMASW
automatically
identifies the data

format for a .seg2.

By the way, there’s
always the
possibility to force

the reading
according to
different formats,
should the

seismograph
mistake on writing

When calculating the velocity spectrum the data can also be represented in the domain
T-velocity (just activate the option “Tau-v” on the toolbar). The parameter 1 is the
intercepted time on the time axis and the operation is made by linear Radon transform.

For very-expert users the representation of data in this domain can be useful for more
considerations, even for teaching purposes. For more details we refer back to future
versions of winMASW.
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Possible effects of “short” datasets
n winMASW - Determinazione deflo Spetira di Velocita :.JEL’E;

— primo passo: input dei dati — do passo: determinazi dello spettro di velocita

it file calcolo spetiro di velocita

MC30BEIFP.SGY spettro di velocita
nl T T T T T
1600
i 1400
e o
3 & 1200
a
@ E
01 £
e 2 1000 &
£ &
2 =
= p00
015 z
5
= (00
H
02 400

ruota e tracce i — pickirm modellazione diretta

arametri i
=eleziona modo = LJ p—J

selezionare luttima purta del moda refresh
— ol sehar e utilizzandn il tsto destra

- =alva pickin 7 ey g
F w’n MA S w ahout winhd A3 = “"'] '—D'el f_nJ

B winMASW - Determinazione dello Spettro di Velocita ___jE]_xj

— primo passo: input dei dati — passo: determinazi dello spettro di velocita

irput file calcolo spettro di velocita

pilatBtracce. segy spettro di velocita
1] 1800 - —
0.1 1600 ]
4 1400
o3 T !
1200
£ o4 =
o
o
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Problems related to a short acquisition time: in the figure the dataset it is limited to the first 0,2
seconds, while the data below has been “zero padded” (zeros were added to the traces) in
order to better determine the spectrum.

In brief: gathering the whole trend of surface waves is not enough. Numerical factors impose
long enough datasets.
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“select data” tools

This section allows you to clean the seismic traces in the time-offset domain.
Consider the buttons in the “data selection” group.

WinMASW @ - Joint Analysis of Surface Waves + HVSR (and P- or SH-wave refraction travel times)
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1) Click on the “activate” button and a polygon will appear. Moving the angles you’ll select a

specific area.
2) One you are satisfied with your polygon, click the “select” button so to cut the data

outside the chosen polygon.
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The number at the right side of the “select” button is the number of samples of the ramp
considered to cut the data (this is done so to apply a soft transition between the data inside
and outside the polygon).

Once you clean/select the data you can then also remove the “surplus data” with the “cut”

button, in the “other tools & setting” group: in the shown dataset, the we recorded 2 seconds
but eventually cut the data to 1.1 seconds.

To proceed with the analysis (velocity spectra computation and forward modelling), the new
dataset does not need to be saved but you can do it using the “save” button.

The same tools are available also in the panels for the analysis of multi-component data and
in the panel for the joint analysis of phase and group velocities.

Please, see the video tutorials from our youtube channel.

JOINT ANALYSIS OF SEISMIC DATA
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4.1.2 Local amplitude: a new tool for the computation of the amplitude
spectra in a specified “data region” (winMASW® Academy)

The “local amplitude” button allows you to access to a tool aimed at revealing the spectral
content of specific portions of the uploaded dataset. You first need to select the data
region you are interested in using the “activate” button in the “data selection” group (see
snapshot here below).

active data: compute velocity spectrum
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dataset ZVF _PHASE_specirum_2.8911_50.0733¢z.mat next shot T i save | |upload | [merge | | moge separation
) O i type#1 [Reg) ~ group veloc... line... ~
ceep paramet.

phase velocity (m/s)

a
S

inversion

5 10 15 20 25 30 35 40 45 joint D+HV inv.

frequency (Hz)

offset (m) modelling E

Vs a
s synthetics (FVS) D

bout P il =
® savemogel | | AFv[[2048 u
ik show M & R [ shows DC ;
[
o J
..... pling data selection filtering & spectra refr. & refl. = 1]
NOTES
05~ activate e el —J i 0= 13 E
AutoSpectra

esample st | [ 60 = vpload | | sawe e c
spectum local amplitude = -
accept cancel save spectrogram modify offsets Decpslartyi] [itefesh a3 ;
02502 ;
ther tools & setting ;
time to visualize | show || cut zerosiips/remove || fip all traces || show 3D data | test ampltude || zera padding ;

Once you have defined the region you are interested in, you simply need to click the
“local amplitude” button. In the example considered in the snapshot below (obtained from
the dataset shown above), we are considering the vertical (Z) component. The selected
data clearly refer to the P-wave refraction (first arrivals) and the frequency content is
clearly relatively high (this dataset is widely presented and commented in the Elsevier
book “Surface wave analysis for near surface applications” — Dal Moro 2014).
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We can compare the frequency range obtained considering the P-wave refraction with
the frequency content of Rayleigh waves (which, being slower, arrive later).

The following snapshot does that: the very different spectral content and the way
amplitude decreases with the offsets are apparent (compare with the minor amplitude
decrease that characterize the P-wave refracted waves — previous snapshot).
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4.1.3 Trace polarity check (winMASW® Academy)

The quality of the phase velocity spectra computed from multi-offset data clearly depends
on the quality and accuracy of the recorded seismic traces.

In some cases (poorly-designed acquisition systems), traces can have inverted polarities
(this can occur because the geophones are not homogenous or because of problems in
the cable/seismograph system — see the concept of “acquisition system” as described in
the Springer 2020 book — “Efficient Joint Analysis of Surface Waves and Introduction to
Vibration Analysis: Beyond the Clichés”).

In that case the phase-velocity spectrum we obtain is clearly poorly/badly defined. The
software winMASW® Academy allows you to quickly verify the polarity. After you upload
your field data, you can clean a bit the data (as usual) and then compute the phase-
velocity spectrum/a. When you click the “phase velocity” button (aimed at computed the
phase-velocity spectra) a dialog box will ask you if you want also compute the
correlations among adjacent traces (this is the way you can verify whether a polarity
issue affects your dataset)

The image below is what you get in case you decide to compute such correlations (i.e. in
case you positively answer to such a question).

In this case there is no polarity issue as demonstrated by the continuity of the
correlations shown in the lower panel.
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On the other side, due to some problem with the acquisition system, polarities can be
erroneous. What do the correlations between adjacent traces look like in case the
polarities of some traces are reversed?
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Example of dataset where two traces (#6 and #12) have reversed polarity (carefully
examine the image below).

This is actually the same dataset shown in the previous figure after we intentionally
inverted the polarity of the trace #6 and #12. Once we compute the correlation (lower
panel) we clearly realize the presence of a few “discontinuities” due to the erroneous
polarities: we have four “holes”, due to the four correlations 5-6, 6-7, 11-12 and 12-13.
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Remember that, in case you realize that your data suffer for this kind of issues, you can
fix the problem with the "zeros/flips/remove™ tool available among the several editing
tools (see image below).
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Average phase-velocity spectrum

Once you compute and save a series of velocity spectra (for instance from a series of
reverse and direct shots) you can upload all the saved spectra with the "upload" button
(in the "handling the spectra" group) and create the average velocity spectrum (you can
select/upload multiple spectra by simply holding the "Ctrl" button and selecting all the

spectra you want).

From a scientific point of view, the actual usefulness of this operation is quite

questionable but since somebody thinks this can be "useful"...

e
Lo ool S AR

madeling & EsAC Veuske curves

WA compute velcy spectun
|t Groupveiod | 250 |dawvebc | lineardi.. v

total velocity spectrum

0 2 E 40 s0

frequency (Hz) frequency (Hz) 2

shot3 shotd

1 wwwwinmosw.caom

In the Academy version, while the software computes the average spectrum, a series of
plots are automatically shown and saved (in the working folder)::

1) the traces of each individual dataset (IndividualTraces.png);

2) their velocity spectra (IndividualSpectra.png)

3) the snapshot of the average spectrum (AverageSpectrum.png ) (see following

images).
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Exploring the phase-velocity spectrum

The button “explore spectrum” allows to visualize the velocity spectrum in 3D (on the left)
also having (on the right) approximate Vs values based on the “Steady State
Approximation”. The goodness of such approximation is related to the specific site: in case
you have strong Vs variations (especially if already for shallow depths) the values given by
such approximation are not reliable. In other words the approximation is reliable only when
the Vs gradient does not vary abruptly.

velocity spectrum (3D view) velocity spectrum (explore)

phase velocity (m/s)

frequency (Hz) 14.0
phase velocity (mis): 1430
depth (M) & V3 (més) 4.6 1573

10 20 30 N 40 a0 B0
frequency (Hz) frequency (Hz)
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Mode identification and separation

Such a procedure can be applied to active data used to define the phase-velocity spectra.
From the main panels (“Velocity spectrum/a, modelling & picking’) the user can access to a tool
useful for mode separation (“mode separation” button).

After having uploaded a dataset, by clicking the “mode separation” button, the following panel
appears:

B winMASW - mode separation . X - i Y b N e e o
3|/ X ~

— original - filtered

velocity (mis)

phase

save dataset

5 10 15 20 25 30 35 40 45 50 55
offset (m)

On the left side are reported the original data (in the f-v and x-t domains). By moving the points of
the polygon evident in the velocity spectra (f-v domain) it is possible to draw a polygon that will be
successively adopted as filter: by clicking the “select” button only the data within the
polygon will be kept, while data external to it will be removed (the filter actually works in
the f-k domain).

An example will clarify the point. In the following on the left side are reported the original data
while on the right side the data after having removed the portion of data external to the chosen
polygon (user moves the vertices of the polygon and then click the “select” button). We first
decided to put in evidence the data in the “area” where fundamental mode was supposed to be
(the very high amplitude of the higher mode(s) for frequencies higher than 13Hz prevents to see
it).
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original filtered
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If instead of putting in evidence the fundamental mode we decide to remove such a mode and
putting in evidence the higher one(s) then:

1000 1000 save spectrum

[ savefiter |

‘ upload fiter |

phase velocity (mi/s)
phase velocity (mis)

save dataset

cancel |

! ! [ accept |
. . L il I . L L il Ll ! ) -

5 10 15 20 25 30 35 40 45 50 5 10 15 20 25 30 35 40 45 50

offset (m) offset (m)

The “ramp” represents the value of the ramp of the filter (i.e. how quickly we pass from 0 to 1 in
the mask/filter) too-low values might create oscillations in the filtered data (in the x-t domain),
while too-high values risk not to remove data we actually want to remove. It is also possible (not
necessary):

- To save (or upload) a filter (“save filter” & “upload filter” buttons)

- To save afiltered spectrum (“save spectrum” button)

- To save afiltered dataset ( “save dataset” button) as segy file

If we like the action of the adopted filter and want to get back to the main panel considering the
filtered dataset, it is sufficient to click the button “Accept”. Otherwise, by clicking the “cancel”
button we will close this panel and get back to the original (unfiltered) dataset.

Please, use this tool only if you perfectly know what you are doing. Artefacts due to improper use
of it might “appear”.
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Please, note that this tool can be used for a myriad of applications even completely
different from the "main" goal described above. Below, we can see an example of how
the fk filtering can be applied even if you want to remove some undesired component
from the field seismic traces. In this case we want to remove some very high frequency
which (see seismic traces in the lower-left panel), afflicts the field data: note the
difference between the field traces (bottom left) and filtered ones (bottom right).
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Non-equally spaced MASW data (winMASW® Academy)

winMASW® Academy can handle non-equally spaced MASW data. When you upload the
field data, the software does not know the actual offsets and is therefore necessary to
modify the offsets in agreement with the actual geometry (in this case, in fact, the
geophone spacing — dx — is not constant).

Here the sequence of operations to accomplish:
1) Upload your data as usual. Provide the mo [minimum offsefl] and dx [geophone
spacing] values (insert the mo value but don’t worry about the dx value);

2) Click the “modify offsets” button and input the actual offset values;

L pp—

30 35 40 45 10 20
m)

modelling

about Poisson

= refr.refl. 02 || | [ [ —————— ganera 1 setting
AutoSpectra
upload save

medify offsets

fip polarity | refiesh Ratere ] Retracton

[[] HV toady wawes)

3) compute (as usual) the phase velocities (“phase velocities” button);
4) save the velocity spectrum (“save” button in the “handling the spectra’ group).

The saved spectrum will contain not only the velocity spectrum but the seismic traces as
well (with the correct offset values).

If, in the future, you wish to re-analyze the data, you will upload the saved spectrum (with
the correct offset values) and it won’t be necessary to modify again the offsets.
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Please, notice that: for the analysis of non-equally spaced MASW data, it is
recommended the FVS approach and not the one based on the modal
dispersion curves [see example above reported,].
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4.2 Reconstruction of 2D Vs profiles through active data (roll
along)

In winMASW® Academy, in order to simplify the procedures necessary to analyze several shots
(e.g. for the reconstruction of 2D sections according to the roll along technique, in the single-
component panel we added the "next shot" button.

Procedure to analyze several shots (recorded for instance according to a roll-along acquisition
procedure):

1) Preparing the folder and the data. Save the data in a single folder, by adopting a clear
nomenclature explicitly reporting the shot number as the very final information, separated from
the previous letters by a "-" (minus) sign:

Examples of meaningful file names (see nomenclature in the Elsevier book, Paragraph 2.2):
ZVF_dx2_mo5_dataset-1.sg2
THF_dx3_mo6-1.sg2
RVF_dx2_mo5_shot-1.sg2

See the example in the figure down here (on the right), where is shown the folder with the first 28
shots/datasets of the RVF component.

#1: data uploading & processing
dataset: 17MEIL-1-ZVF50m-dx2 0mo5-30.532
‘sampling: 0.5ms (2000Hz] - 4000 samples
minimum offset: 5 m
geophone spacing: 2 m

i traces

0 i
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02 ] EESE=SE=

5 10 15 20 25 30 35 40 45 50
offset (m)

eeeeeeeeeeeeeeeeeeeeeee

aaaaaaaaaaaaaaaaa

eeeeeeeeeeeeeee

www.winMASW.com - geophysical software & services



68

2) Upload the first dataset, clean it and compute its phase-velocity spectrum:

#1: data uploading & processing

dataset: 17MEIL-1-ZVF50m-dx2.0:mo5-30.532
‘sampling: 0.5ms {2000Hz] - 4000 samples
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In this case we uploaded the file "17MEIL-1-ZVF50m-dx2.0-mo05-30.sg2" (so we started from the

shot/dataset#30).

As it can be clearly seen in this snapshot, since the raw data are often noisy, the quality of the
obtained phase-velocity spectrum can be quite poor.

As a consequence, it can be necessary to clean the seismic traces.
In the following snapshot you can see the cleaned dataset on the left (we resampled the dataset
to 1 ms [raw data were sampled at 0.5 ms], reduced the time to 0.6 s and kept only the Rayleigh
waves - "data selection" tools). The phase-velocity spectrum (on the right) is now clearly much

clearer.

#1: data uploading & processing

dataset: 17MEIL-1-ZVF50m-dx2 0:mo5-30.592
sampling: tms [1000Hz] - 601 samples

nextshot
mirimum offset: 5 m
geophone spacing: 2 m
traces
0
=
=
B >
S
01
" :
© 03
E
04
05
06
5 10 15 20 2 30 35 2 5 50
offset (m)
ping dta select ering & spect refr. & refl
05~ civats fter | [cancel ] refnen, | |02
..... ple sclect | | B0 upload
pectiim
cept | | | cance ] i fippolarty | | refresh
e | cut zerosiiips || i alltraces || show 3D data | test anpiude | zero padding

, modelling & picki MFA, ESAC &
MASW: compute velacty spectrun Pandingthe spectra [
(e |groupwelocity | | 250 | | chavevelocity | linear-linear - o | [upload | [merge

made separation

2000

1800
1600
@ 1400
£
1200
S
2
© 1000
£
@
@ 800
=
a
600
400
200
10 15 20 25 30 35 40
frequency (Hz)
modelling
v @s  Poisson ickness
[ pload mac synthetics (FVS)
? about Poisson 50 10 033 03
= 0 | 15 | [0 05 save model vF >
150 | [ 18 035 1
190 | [op 03 | [ 2
general seting m £ 035 4
[ I %0 035 5
Rayleigh v | 5 phase ~ il -
£ £l 038 7 i
0 | Reference depth [ Refraction 400 50 03 10 -
800 | [ 100 025 a0 effective (passive)
[ Hv (hotly waves) 200 | [ 150 o i
0 [ porting _
1600 | | 200 015 | [20 repert D6
[V (surtace waves) 40| max depth
a0 | [ | [01% Jreperiss |

www.winMASW.com - geophysical software & services

input curve

Site Response

picking
show 1k

ato picking

dispersion curves

sekctmode |

nnnnnnnnn

Joint D=HV inv.

WWW.WINMasw.Ccom



winMASWe 69

3) Model it and save the result (report DC or _report SS) (to learn how to model the dispersion
according to the modal dispersion curve or the FVS approach see the rest of this manual): your
model will be saved in a subfolder named after the shot you are considering. If, for instance, you
are analyzing the shot#30, your modelling will be saved in a subfolder named "reportDC30" in
case you are considering the modal dispersion curves of "reportSS30" in case you are working
according to the FVS approach.

Now we are ready to analyze the next shot.

4) uploading the next shot

Once you click the "next shot" button (top-right corner of the seismic traces), you will
automatically upload the next file/shot (in this example 17MEIL-1-ZVF50m-dx2.0-mo5-31.5g2)
and will be (also automatically) computed the phase-velocity spectrum.

You can now clean the dataset, model it and save it (as for the previous shot).
In the end you will end up with a series of subfolders were each model is saved as model30.mod

(shot#30), model31.mod (shot#31) and so on.

Now, in order to obtain a 2D section, it is necessary to create a small project file (see Appendix E:
Creating 2D sections).

We’ll never get rich by hard work.
But, we’ll never get rich without it.

Robert Fripp
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The ADAM-2D data processing service we offer

While for short 2D section you can surely use the tools that winMASW® Academy offers
you, in case you need to explore larger areas (according to advanced data processing),
ADAM-2D is a data-processing service we offer in order to analyse large amount of data
and reconstruct the 2D Vs section thanks to the joint analysis of multi-component data
(such approach is the only one that can provide reliable Vs values free from ambiguities
and/or pitfalls that would inevitably affect any kind of analysis based on just one
component- for details, please have a look to our Elsevier and Springer books).

Here few snaps of what we can do with your (possibly multi-component) data. In order to
understand what is what, carefully read the title of each figure and the x and y-axis labels.
In this case the goal was to verify the presence of a paleo-channel (entering the nearby
lake) and which is now completely covered by recent alluvia deposits (flat topography).

Example#1

0 15 20 2 30 5 10 15 20 25 30 5 10 15 20 26 ¥ 5 10 15 20 25
offset (m) offset (m) offset (m) offset (m)
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www.awinmasw.com
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An example of 8 successive shots (Z component) [see the increasing suffix numbers] that
can be jointly analysed together with the R (radial) or T (transversal — Love waves)
components so to obtain a highly-constrained inversion process.
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2" component: raw - normalized [COG - trace#13]
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Lucern2021 [first component] Lucern2021 [first component] (assumed velocity: 300 m/s)
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Amplitude Spectra [compo#1; trace#9]
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Example#2

Here a further example for the identification of the lateral variations of the bedrock along

a 160 m line.
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4.3 ReMi panel [also for non-equally spaced data]

From the main panel, by clicking on the “ReMi spectra” button, you can access the section
dedicated to the analysis of those spectra obtained by analysis of passive seismic data (seg2 and
segy formats, as well as the Matlab format used in winMASWP)

velocity spectrum: limits

frequency (Hz) 1 23
www.winmasw.com g aX

velocity (mis) 100 350
min max
input file(s) Resample to 7 ms [Myquist about 71 Hz]

show average spectra only

dataset: Zpassive_dx3.mat
sampling: 9 ms — window length (in seconds)

; 5 :
record length: 16.38 min for spectra calculation

minimum value (s), 1
data parameters

maximum value (s).  983.043
3 geophone distance (m) ESAC

smoaoth and normalize
nopg | sampling rate {s)
show traces & spectra 2 | number of channels for smoothing

5 | smoothing (%) for the Spectral Ratio

Clicking on “input file(s)” you select the seismic (passive) files. You can simultaneously upload
several files (use the key CTRL button while selecting all the files you want to upload). All the
files must have all same acquisition parameters (geophone distance, humber of traces and
sampling interval).

In order not to overload the computer memory we suggest not to upload more than 5 dataset at
once (for instance 65 seconds long each, such value depending anyway on the computer
features, therefore even longer)

Once the geophone distance, as used in the acquisition phase, and the length of the window to
consider are set (the same “sampling rate/interval” can be modified but the read and proposed
value is likely to be correct every time and you can modify it only if the seismograph really has
some problems or you are confident you're doing the right thing; consider also that the length can
be changed as many times as you need to reach better spectra) you just need to click on “spectra
calculation”.

At the end of all operations a window like the one below will show.

The software splits the dataset (or datasets) in many windows of equal length like the one
indicated by the user (the value must rank between 2 seconds and the length of each single
dataset)

According to the ratio between the dataset and the window dimension, different windows could
show like the one displayed on top.

The user has to select the best defined spectrum by means of the little button on the right side
below of each spectrum. The chosen spectrum in the screen will be displayed again on the top
left side of following screen (achieved clicking on “next window” or “save selected spectrum”).
When the last window finally is reached, you’ll save the selected spectrum clicking on that same
button.
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Once the clearer spectrum (therefore more useful to our analysis) is saved, we’ll get access to the
module “Velocity spectra, Modelling, Picking” clicking on “Analyze saved spectrum’.

Here, in section “#2: velocity spectrum, modelling & picking (MASW & ReMi analyses)’, we’ll
upload the just saved spectrum clicking on “upload ReMi spectrum’.

-—u winMASW - ReMi spectra
MCYS2723 dat; 20-255
1200
~ 1000
2
E 50
=
T em
A
=400
200 -
£ 10 15 20 25
F(Hz)
MCYS27 23 clat; 37 5-42.53
1200
1000
@
E 500
=
T em
[
= 4
200
£ 10 15 20 25
F(Hz)
MCYS2723 dat; 47 5-52.55
1200
o
& 1000
= 8O0
g
2 g
5
£ om0
[+
200 L=
T E 10 15 20 25
F (Hz)
modify limits

MCYS27235 dat; 30-352

1200
. 1000 -
&2 &2
E gm0 E
z z
£ &m0 5
L L
=400 =
200 g &
0 E 0 15 20 26 0
@ F (Hz)
MCYS27 23 dat; 40-45s
1200
. 1000 "
& &
E 500 E
z z
5 a0 5
A A
E S
200 >
a0 "5 0 15 20 2% 30
F (Hz) (@]
MCYS2T723 dat; S0-555
1200 _
w 7
& 10m i
E 800 E;
T gp D
B B
};5_ 400 }é
200
0 £ 10 15 20 26 30
(i} F (Hz) ¥}

MCYS2725 dat, 32.5-37 53

1200
1000
800
B0O0
400
200

Welocity (mis)

£ 10 15 20 25
FiHz)

1200
1000
800
B0O0
400
200

“elocity (mis)

19 20 24
F (Hz)
MCYS2723 dat; 52 5-57 55

a0

1200

1000
500
600
400
200

phasze velocity (mfs)

15 20 25

30
F (Hz) (6]

| next window or save selected spectrum |

= B )
MCYS2723 dat; 35-40s
1200
1000
&0
B00
400
200 :
5 10 15 20 25 30
F (Hz) (5]
MCYS2723 dat; 45-50=
1200
1000
800
B00
400
200 -
§ 10 15 20 26 30
F (Hz) (s
MCYS2723 det; 55-60s
1200
1000
800
B0
400
200 ® F<
£ 10 15 20 26 0
F (Hz)
analyze saved spectrum |

The last three plots refer to the average spectra: the first 2 related to the 2 possible direction (so
to say: one from left, the other from right), the last one is the total mean spectrum.
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If, instead of choosing an average spectrum, a single-event spectrum is preferred, when the user
will eventually click on “next window or save selected spectrum” (to save the spectrum) the event
(i.e. the time window of the seismic dataset) will also pop up:

Lamporecchio-ReMi.sgy; 31.533s; D velocity spectrum

il
a2
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phase velocity (m/s)

tirme (sec)
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./

iy
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S

300

[}
=1
=]

P — -
20 30 40 50 20 25 30
offset (r) frequency (Hz)

On the left the selected event (please notice the passage of the surface waves) and, on the right,
the selected spectrum.

In case you choose to visualize the average spectra only (just select the “show average spectra
only” check box) you will clearly obtain only the 3 average spectra:

direct direction reverse direction average (rev+dir)
!

N ReMi
* ESAC
s validity limits

I Rei
® ESAC
w validity limits

phase velocity (m/s)

5 10 15 20 5 10 15 20 5 10 15 20
frequency (Hz) frequency (Hz) frequency (Hz)

HoliSurface* T—

Shown phase-velocity spectra (the user now have to choose the best one): shown also the
validity limits (data are reliable only within the two green lines) and the dispersion curve
obtained by means of the ESAC processing.

About the validity limits:

the lower one (highest reliable frequency) is due to the spatial aliasing and is related to the
geophone spacing while the upper one (lowest reliable frequency) depends on the total length of
the array but it is really site and data dependent (so it does not have to be taken exceedingly
seriously).

Now, you can upload the chosen velocity spectrum in the “single-component panel” and model
the dispersion carefully considering the specific modelling criterion for ReMi data: the dispersion
curve has to stay in the lower part of the red signal:
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velocity spectrum velocity spectrum
1200 i L '
1000 1000
f f
g o ) g e i
g - £ -
400 400
200 200
5 10 15 20 25 3] - B 40 5 10 15 20 25 ;D - 3-,5 40
frequency (Hz) frequency (Hz)
Dispersion in case of MASW (active) data Dispersion in case of ReMi (passive) data

Modelling/picking criteria for both data types (active or passive seismics).

While considering passive data and ReMi processing, in most cases the actual dispersion
lies in the “lower” boundary of the signal. But in case the main microtremor sources are
in-line with the linear array different paradigms need to be used [see the paper
“Determination of the Vs profile in a “noisy” industrial site via active and passive data: the
critical role of Love waves and the opportunities of multi-component group-velocity
analysis” by Dal Moro & Mazanec, 2024].
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NEW in winMASW® Academy

ReMi analysis with non-equally spaced data

velocity spectrum: limits

WWW. WINMmsSsw.Com frequency (Hz) 1 1

velocity (m/fs) 140 555
input file(s) Resample to 7 ms [Myquist about 71 Hz) min =

show average spectra only [recommended
data: H2 T component. mat & gesp vl !

sampling: 10 ms [100 Hz]

record length: 107.2 min (6429.51 5) minagw eNgit in asconas)

for spectra calculation

data parameters minimum value (s): 1
maximum value (s); B429.52
- geaphane distance (m) [regular]
0394513 offsets (m) in case of non-regularly spaced data ESAC

[ smoath and normalize
0.9 sampling rate (=)

1 number of channels for smoothing

showfraces & spectra g | smoothing (%) for the Spectral Ratio

From the 2023-beta release, ReMi technique (i.e. phase shift performed on passive data) can
be performed also considering non-equally spaced data. This can be useful in order to obtain
good-quality phase-velocity spectra with a limited number of geophones/channels which, for
ordinary arrays of few tens of meters, can be from 6 to 12.

In order to process non-equally spaced data you need to set to zero (0) the “geophone
distance” and fix the proper offsets in the “offsets” box.

In case you decide to exploit this opportunity, you have to be careful about the correct
channel sequence. In simple terms: you might for instance deploy your geophones with a
certain distance sequence (e.g. 0, 3, 5, 8, 12, 16, 25, 35, 50 m) but, depending on the way
your acquisition system considers the channel sequence, the correct sequence to set could
be “0, 2, 5, 8, 12, 16, 25, 35, 50” or the opposite (“50, 35, 25, 16, 12, 8, 5, 2, 0”). So, to be
very concrete, you always need to verify where is the first channels (in our example, at O or at
50 m?)

Always remember that you can analyze dispersion of any component (Z, T or R — this latter is
often the trickiest one and, in general, we recommend to consider the Z and R
components).

The following example is about the T-component (Love wave) dispersion retrieved
considering a non-equally spaced linear 6-channel array.

We consider both the results obtained via ESAC and ReMi since the two techniques can
provide interesting information.
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As a matter of fact this is a special case since, in this case, the microtremor field is dominated
by an nearby industrial facilities (factory) and the array is spread so to be “in line” with it [if
you consider the following figure and the array shown in the figure b) you should imagine the
source on the left side] (it is somehow like an “active source” acquisition where the source is
a sort of “continuous microtremor source”).

The following data/analyses are extracted from Dal Moro & Mazanec (2024).
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T component (Love waves) passive data: a) field traces; b) channel location map; c)
distances between pairs of channels; d) Bessel's functions (ESAC) for three sample
frequencies (shown the experimental curves [blue dotted] together with the ones associated
to the identified propagation velocity [red continuous]); e) obtained phase-velocity spectrum
(background colors report standard ESAC while the overlying contour lines refer to the same
frequency-velocity matrix after a fk filter is applied); f) fk-filtered phase-velocity spectrum
obtained via ESAC (same shown in the previous graph as contour lines); g) phase-velocity
spectra computed according to the phase shift technique considering the two possible
propagation directions (direct and reverse). For all the velocity spectra we also show the
lowest reliable frequencies according to Ohori et al. (2002).
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A possible [not recommended because unnecessary] procedure
[an approach from the early times of Rayleigh-wave analysis]

If you want to “compare” the dispersion curve picked from a vertical-component MASW
velocity spectrum and the velocity spectrum obtained from a ReMi (vertical
component) dataset, you can follow this procedure:

1. compute the velocity spectrum from a MASW dataset, pick the dispersion
curve(s) according to your (subjective!) interpretation and save the picked curve
(.cdp file)

2. Analyze ReMi data (in the end you need to save the best velocity spectrum as
described in the previous pages - .mat file)

3. Now, in the “single-component analysis” panel, upload the saved ReMi spectrum
(.mat file to upload clicking the “upload” button in the “handling the spectra”
group) and the picked dispersion curve of the MASW data (button “input curve”
top right in the section “visualize curves”)

Among the data provided in the winMASW® USB/DVD for your own self-training, you
can find the “Lamporecchio” dataset with active dataset for the ZVF and THF
components and a passive dataset (linear array just for the Z component).

About the two following figures:

The first one is about active data (Z component) [fundamental-mode dispersion curve
is picked down to about 6 Hz while at lower frequencies the spectrum is very likely
about the first higher mode];

The second snapshot (below) is about standard ReMi (Z component) [the overlaying
dispersion curve is the one picked from the MASW data]. You can see that the picking
from the active data lies along the “lower limit” of the ReMi signal (and not on the peak
as it happens with MASW data).
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MASW data: traces, velocity spectrum and picked curve

Consider that in case you want to obtain dispersion data from passive data,
we recommend the multi-component ESAC approach [due to the different
mathematics, performances are definitely better compared to ReMi]
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ReMi velocity spectrum (Lamporecchio-ReMi-spectrum?)
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Phase-velocity spectrum from ReMi analysis (background colors):
note that dispersion curve picked from MASW data (Z component) lies along
the lower limit of the velocity spectrum obtained via ReMi.

IMPORTANT NOTE

Remember that the best and simplest approach for obtaining a robust Vs profile is
the joint analysis of Rayleigh and Love waves + HVSR. See recommendations and
examples reported in the Appendices as well as in our Springer and Elsevier
books.

Please, consider that because of a series of technical aspects (the main
one is probably related to the directionality of the signal and all its
consequent problems) we highly recommend to use the ESAC

technique and not the ReMi one.
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The ReMi panel (winMASW® standard, Pro & Academy)

In the recent releases performances have been generally improved.
You will obtain a scheme of your geophone array (number of channels and geophone spacing).

ReMi geophone array

0.5 Array length: 72m .

(r 00000000000 CONOOOOONOOONOOOOO

_1 | 1 | 1 1 | 1 |
0 10 20 30 40 50 60 70

meters

Now a normalization process (frequency by frequency) allows a better visualization of the
dispersion also at the very high frequencies (where the microtremor energy is very limited).

In the following scheme the three average velocity spectra immediately obtained if you choose to
compute only the average spectra). The Direct and Reverse spectra are computed while
considering the signals coming "from left" or "from right". The third is the average:

Direct difection Reverse direction Average (global)
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The best spectrum depends on the site (i.e. on the characteristics of the microtremor field (in this
case, for instance, the best spectrum is probably the first on the left).

The next figure reports the velocity spectrum (and the pertaining traces) in case you decide to
select a single event/window (please be aware that this is not the ReMi method sensu scricto).
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Because of the problems that a linear array necessarily creates while considering passive
data (see also the box in the next page and the Elsevier book), we would strongly
recommend you to use the ESAC approach rather than the ReMi technique.

The different mathematics ensures clearer results (especially at the very low frequencies)
[see also next box].
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The "spectra merging" tool

By means of this tool it is possible to merge two velocity spectra obtained from
MASW and ESAC/SPAC/ReM.i.

Of course to obtain the ESAC velocity spectrum you need to have winMASW
Academy, which has also a further importance advantage: you can deal with the
effective dispersion curve, which is the curve that results from the combination of all
the modes (this means that you do not have to give any interpretation of the curve in
terms of modal dispersion curves).

Example#1 (ESAC + MASW):

help mergin

ESACIReMi spectrum cutfrequency: | 8 | Hz | 1.visualize the combined spectrum |

upload 2. save the combined spectrum
ESAC/ReMi (ESAC _Velocity_Spectrum)

~
g

merged velocity spectrum

8

phase velocity (m/s)
w & o @
g 8 8

| —

5 10 15
frequency (Hz)

MASW [ZVF] spectrum

upload
MASW (ZVF-phase-spectrum)

g

= 8

phase velocity (m/s)
@
2

frequency (Hz)

100 e
10 20 30 40 WWWWINMasw.Com e
frequency (Hz)

merged (hybrid) velocity spectrum (3D view)

correlation

phase velocity (m/s)
15
10

100 5 frequency (Hz)

Do you see that by using the ESAC spectra you get continuous data?!

In this case data above 8 Hz belong to the MASW data while data below 8 Hz to the
ESAC data).

www.winMASW.com - geophysical software & services



winMASWe 89

In winMASW® standard it is possible to merge only ReMi (see next example) +
MASW spectra.

Please, notice that the ESAC and MASW spectra are "continuous" (while if you are
trying to handle the ReMi + MASW case not necessarily - see next example).

Example#2 (ReMi + MASW):
Here below the merging of a standard MASW phase-velocity spectrum (ZVF
component) [on the left] and the ReMi phase-velocity spectrum [up, on the left]:

help mergin

ESAC/ReMi spectrum cut frequency: 6 | Hz 1. visualize the combined spectrum |

upload 2. save the combined spectrum

ESAC/ReMi (ReMiavg)

600

@
=1
a

merged velocity spectrum

400
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450
-
100

5 10 15 20 25 tn
frequency (Hz) E,

=
(5}
o
MASW [ZVF] spectrum Tﬁ 300

upload

MASW (ZVF-cutFVSs) 250
600 gm

500

5 10 15 20 25 30
frequency (Hz)

5 0 15 20 25 30 WWW.WINMmMasw.Com close
frequency (Hz)

Below 6 Hz it is possible to see the "jump" due to the different way a linear array
works in a passive (ReMi approach - you must follow the "ambiguous" area between
signal and non-signal) or active (MASW approach) way.

phase velocity (m/s)

By considering ESAC and MASW data this is not a problem (the two spectra are
"continuous" - see previous example).

But the bottom line point is: does it make sense (for ordinary surveys) to perform
such a complex procedure (acquisition and processing of both active and passive
data) when the low frequencies (necessary to obtain information about the deepest
layers) can be easily extracted and modeled while considering the HVSR?
Remember our key recommendation: for most of the ordinary surveys, the
easiest way to obtain reliable Vs profiles is the joint analysis of
RVF+THF+HVSR (see introductory section of this manual and guidelines in the
Appendix).
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Final figure summarizing the main outcomes: the consistency between the results of the
dispersion analysis and the amplitude spectra of the raw data is apparent.

Do you want to do the same for one of your next surveys?

1. Record your (possibly multi-component) data and save them according to the
nomenclature we recommend (e.g. ZVF_dx5_mo5.sg2 and RVF_dx5 mo5.sg2)
Take a few pictures of the area during your data acquisition

Give us the stratigraphic information you have about the site

Give us the location (and, in case, topography) of the central point of the array for
each shot

= oo

winMASW@winMASW.com
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4.4 ESAC [Extended Spatial AutoCorrelation] (Academy version)

ESAC is particularly suited for the analysis of passive datasets acquired while adopting
bi-dimensional (2D) geometry. That means that geophones are planted not in a straight
line but following 2D geometries (circles, L-shaped, crosses or "random" distributions).

It goes without saying that ESAC mathematics can also be applied to linear arrays and in
several cases this is preferred (see for instance the 2D-SUPPSALA procedure).

geophone arrays S <N
in urban areas <

Some introductory notes

- the possibility of analyzing data acquired considering a 2D geometry allows to overcome
the directionality issues which somehow influence the ReMi approach (but is a 2D array
really necessary?)

- there is no "ideal" geometry. The way you are able to deploy your geophones depends
on local conditions. The easiest geometries are clearly those that require the minimum
effort (L-shaped or linear); often the circular one is the most difficult (please consider that
the location/coordinates [x, y] of the geophones must be accurate). The origin of the
Cartesian system to adopt is absolutely irrelevant, so your [0, 0] point can be anywhere.

- since these methodologies assume the plane-wave condition, it is important that the
main "sources" are distant enough to meet such condition (consequently do not use these
methods for analyzing datasets acquired while nearby microtremor sources are present)
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ESAC main panel

In the upper-left area it is possible to insert the [x, y, Z] coordinates (which can be actually
written/saved in a simple ASCII file - see next pages for the format). In a further line
("channels to remove") it is possible to indicate traces that we want to exclude from the
analysis (for instance because too noisy).

Efficient Joint
Analysis of Surface
Waves and

B

B Introduction

— 1o Vibration Analysis:
Beyond the Clichés

Gy

$
b3
b
b3
3
3
it
¢
2
n
0
3

Positioning of the channels (pay attention)
Coordinates of the channels/geophones must be accurately fixed

Non-expert fellows (not fully familiar with their own acquisition system) might misconstrue
the correct sequence of channels (i.e. they may think that the actual channel#1 is the
channel#24 or vice versa).

A simple way to verify the actual channel sequence is to take a hammering at the beginning
of the acquisition (this way it will be clear the actual channel sequence/position).

In the upper-right corner of the ESAC panel user can set the parameters to consider for the ESAC
analysis.

By activating the option "verbose" you will obtain a series of "intermediate" outputs useful to
check the data quality etc. (see next pages).

In the lower area of the ESAC panel there are numerous tools that we invite you to explore
(always remember that by hovering the cursor over the button, a brief description of the type of
operation performed by that tool appears).

In the 2023 release (of winMASW® Academy) you can also analyze multi-component data (see
PS-MUCAA and 2D-SuPPSALA tools). For this reason, in the lower left corner of the ESAC panel
there are two buttons aimed at uploading the horizontal components (R and/or T). For mere
commercial reasons (several users still work with vertical geophones), the vertical one is
considered the “main component” and data are uploaded from the toolbar at the top of the ESAC
panel.
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ESAC data acquisition

- record length: how long should be a dataset to safely perform this kind of analysis? There is no
magic and universal number since it depends on the site (its stratigraphy and the characteristic of
the background microtremor field) and on the goals (what's the lowest frequency we wish to
accurately sample?). As a general rule 10 minutes can be sufficient but it is definitely better to
acquire more

- number of channels: for standard 1D surveys a reasonable number is between 9 and 16 (for
2D analyses 24 is the minimum — see SUPPSALA procedure).

- sampling interval/rate: 5 ms (200 Hz) is much more than enough (always remember the
Nyquist-Shannon theorem)

If you acquire with a higher sampling frequency, in order to avoid higher computational times it is
recommended to re-sample the data (“decimate” button)

The following plots show an example of a possible (and easy to manage) geometry (L-shaped)
[please consider that for ordinary 1D surveys, 48 channels are absolutely useless].
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Since these techniques are particularly useful for retrieving the dispersive properties at the lowest
frequencies, it is important to underline that the equipment should be properly set (good
seismograph, low-frequency geophones and large arrays).
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main component - amplitude spectra [smoothing: 4%]

main component - amplitude spectra (3D rotation on)
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In the following snapshot, the obtained dispersion (main ESAC panel). The magenta line is about
the largest wavelength which is possible to identify. This value is site/data depended and can be
modify in the box within the “compute” group (upper right corner) [default value 2.3 — for details
see Ohori et al. 2002).
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The following figure shows the phase velocity spectra obtained considering both the
ordinary (standard) ESAC processing as well as after a mild f-k filtering (see our
“Efficient joint analysis of surface waves and introduction to vibration analysis:
beyond the clichés” 2020 Springer book).

standard & fk-filtered velocity spectra [48 channels] 1200 fk-filtered velocity spectrum [window: 20 s; smoothing: 2%]
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Minimum and maximum reliable frequencies in ESAC/SPAC analysis

While the maximum determinable frequency (high-frequency green line — see figure) is
clearly/objectively determined by the spatial aliasing, the minimum reliable frequency is more
difficult to fix. The low-frequency green line shown in the next figure is based on Ohori et al
(2002) ("... twice the largest sensor spacing as the maximum wavelength.") but it must be
pointed out that such a value is really site and data dependent. So, we cannot objectively
determine the lowest reliable frequency and during the joint analysis of the dispersion and the
HVSR [see for instance our case studies from our web site and our publications], in the very
low-frequency range, we should therefore give a bit more credit to the HVSR match.

standard and fk-filtered velocity spectra [11 channels]

!standard
Tk filtered

fh-filtered velocity spectrum [window: 20 s; smoothing: 2%]
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ESAC/SPAC analysis: only the curve within the two shown green lines is fully reliable, while at higher
and lower frequencies we need to carefully and mindfully evaluate the data, case by case.
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ESAC data: linear or bi-dimensional arrays?

Let us see a couple of examples aimed at understanding whether 2D arrays are really
necessary to perform reliable ESAC,

dataset#1

For this first example we consider a 2D array with just vertical (Z) geophones. Along the
array we also have 4 HVSR curves.

In the following figure are shown the channel map and the obtained phase-velocity
spectra (original and fk-filtered) in case we keep all the 2D channels (about the fk filtering,
please see the Springer 2020 book). In the lower right corner and in the successive figure
are also shown the 4 available HVSRs (see map in the lower left corner).

Qﬂgndard and fk-filtered velocity spectra [81 ch; window: 10 s] 40%(-filtered velocity spectrum [window: 10 s; smoothing: 2%]
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If we compare the 4 HVSR curves we clearly highlight the fact that the area is not
homogenous (the 4 curves show some relevant difference) and some non-irrelevant
lateral variation occur (please consider that the phase-velocity spectrum we obtain while
considering all the channels is clearly just an average spectrum representing the whole
area in general terms).
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We now keep just the channels along the NS direction (i.e. we remove the channels
marked with a red cross in the following snapshot) and compute the phase-velocity
spectrum according to the ESAC processing.

Do you see any really significant difference compared to the velocity spectrum obtained
while considering all the 2D channels (see previous figure)?

Clearly nothing really significant and the small differences are surely due to the lateral
variations clearly demonstrated by the differences in the 4 HVSR curves.
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We finally do the “opposite” (we keep the channels along the EW direction and remove
the channels along the NS direction — see channel map in the following figure).

Again: do we see any significant difference in the phase-velocity spectrum?

Again nothing really significant and the small differences are surely due to the lateral
variations clearly demonstrated by the differences in the 4 HVSR curves.

standard and fk-filtered velocity spectra [33 channels]
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Thanks to the spectral ratios that you can compute from the ESAC panel, we can verify
that the last channels show larger amplitude spectra because we are close to the main
road which, as we have shown, does not create significant problems while considering
linear geometry instead of a 2D array.
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What does that mean? This demonstrates that the mathematics of the ESAC processing
is such to allow also linear arrays and this opens up a series of interesting possible
applications: the PS-MuCAA approach presented in the next pages. A few
recommendations about the data acquisition in case of linear arrays are reported in the
PS-MuCAA section of this manual.
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dataset#2

work-in-progress [stay tuned]

— ARRALET

m—— ARRAS®E
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Understanding the data quality

Through the assessment of the spatial correlations (from ESAC) it is somehow possible to
understand the overall data quality.

The following graph are associated to high-quality data (blue dots represent observed
correlations, red data are the best-fit Bessel functions).
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Next plots report the same quantities for a lower-quality dataset (same data presented in the
previous box), which depends on several factors: site characteristics in terms of both lithology and
environmental noise/signal, length of the array (and positions of the geophones, quality (and
setting) of the hardware equipment (seismograph, geophones, cables etc.).
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Data input and parameters

It is possible to upload several datasets together (as common in Windows, to do it is sufficient to
use the ctrl button). In fact, some seismographs can record at the most 1 minute: by recording
several datasets (each for instance 1-minute long) it is then possible to acquire a sufficient
amount of data to perform all the analysis based on passive acquisitions (ReMi, ESAC, FK) (most
of the times 15 minutes are enough).

Some points:

« The "Resampling” option: to reduce the computational times it is absolutely recommended
(this option is active by default but can be de-activated).

e Computational load for the FK method are higher than for ESAC and strongly depend on the
adopted parameters. We recommend to consider frequencies not higher than about 30-40 Hz.
High frequencies are in fact better imaged via active data. The lowest useful frequency
depends on the array length/dimensions, the characteristics of the site and on the eigen
frequency of the used geophones.

e The positions of the channels/geophones can be reported manually in the pertinent windows
or can be written in a simple ASCII file according to the syntax indicated in the following box
(the file must have a header line and the .pos extension).

File ASCII (.pos extension)

Xcoordinates Ycoordinates Z (topography)

-48 0 101
44 0 101.2
-40 0 102
-36 0 1021
-32 0 102
-28 0 103
24 0 101
-20 0 102
-16 0 102
-12 0 103
-8 0 104
-4 0 104.4
0 3 105
0 6 105
0 9 1055
0 12 106
0 15 106.6
0 18 107
0 21 107.3
0 24 108
0 27 108.4
0 30 109
0 33 109

» Outputs: by default it is computed (and saved) only the ESAC dispersion curves and its
respective "pseudo velocity spectrum" (this is just the misfit between the observed
correlations and the values obtained by the Bessel function computed for the different
phase velocities).
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Outputs

Log file, images and files automatically saved (in the "working folder")

When the analyses are accomplished, in the working folder you will find the following files
(automatically saved):

logESACFK.ixt (log file summarizing the performed operations)
ESACdc.cdp (dispersion curve saved as effective curve - Tokimatsu et al., 1992): since - compared

to modal dispersion curves - the computation of the effective curve requires heavier computational
load, its automatic inversion requires state-of-the-art PC (recommended an esacore CPU).

ESACpsvelspe.mat (pseudo velocity spectrum determined through the ESAC analyses)

snapESACFK.png (snapshot of the main panel with the resulting spectrum and the dispersion
curves)

Moreover, if you activated the “verbose” option you will also get the following files:

CrSpVsFr.png (+ .fig): Cross-spectra versus frequency
ESACdata.png (+ .fig)

2Dpassivedata.png (+ .fig): data, channel positions, radii

Remember that the.cdp files are simple ASCII files which can be uploaded in winMASW ("input
curve" button - see next pages).
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ReMi spectra and ESAC processing

In the ReMi panel (where purely-linear arrays can be analyzed) it is possible to activate the
ESAC option. By doing that we will obtain an overlap of the ReMi spectra and ESAC dispersion
curve.

Dataset "Purgessimo” (provided as example dataset together with the software).

Analyzing just a couple of files (total length 2 minutes) we obtain a clear evidence of a mode
jump around 9Hz (which is absolutely not so common while analyzing passive data, but which is
absolutely useful for our analysis).

£ wnbAASYS - Redit paee e eestreares (imear amay) x

=% ! |

Direct direction Howorse direchion Average (gwal)

-]
a

B
i
=1
&
]
a

.
=]
a
B
1=
=]

P
g
£
]
s

n
o
=1

Lo

250

phase velzciy (m's)
phase velociy {m's|
]
phase weashy (m's)
8
3

b 10 15 2 4 6 8 10 iz 14 6 18 2 4 -] 8 10 12 14 16 18
frequency (Hz) frequency (Hz) fiequency (He)
] .

minkrhd)plml-l e —

Analyzing the entire dataset (more than 16 minutes) we get the following data:
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In both cases the lowest frequency which is actually possible to safely consider for the ESAC
dispersion curve is about 3Hz (below this value the velocity decreases, losing its "meaning"). It is
very likely that analyzing a non-linear (i.e. bi-dimensional) array with longer radii, such lowest
frequency would decrease thus allowing the reconstruction of the Vs of deeper levels.

Pay attention: these evidences cannot be generalized. The aim of these notes is to help
the users to get familiar with data, analyses and phenomena.
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Rayleigh and/or Love?

These methodologies can be easily used for determining the dispersive properties of
Rayleigh waves, by considering the vertical motion (which is not influenced by Love waves).
In order to analyze Love waves (in the horizontal plane), things become more complex (see
e.g. Tokimatsu, 1995; Di Giulio et al., 2006; Kohler et al., 2007). We then suggest to all the
beginners to deal with Rayleigh waves (vertical component).

On the other side, you can also consider the horizontal components and obtain many more
information about the subsurface conditions (see the “Multi-component analysis of passive
data in the new ESAC panel: the PS-MuCAA methodology” section of the manual).

Integrating MASW and ESAC dispersion curves and some recommendations

ESAC is useful especially in the low-frequency range (active methods such as MASW or MFA
can instead better perform in the high-frequency range).

Anyway a crucial point to properly image the low-frequency dispersion curve is the total
length of the array. ReMi and ESAC (or any other array-based passive method) cannot be
properly used if you consider short arrays. As a consequence, if your array is less than about
70m (but possibly much longer) passive techniques are quite useless and it is better to go for
a joint MASW+HVSR analysis.

Please remember that ESAC/SPAC is much better than ReMi because - thanks to the bi-
dimensional array — it better handles the signal directionality.

The following snapshot shows the phase-velocity spectrum obtained via active data with,
overlaying, the effective dispersion curve obtained via ESAC: it is quite clear that the ESAC
allows to "see" frequencies lower than the ones possible while considering the MASW
acquisitions. On the other side MASW data are much better at high frequencies.
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Almost useless to remark that the results of your analysis depends first of all by your
expertise/skill both from the theoretical and "practical" points of view.
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4.4.1 Multi-component analysis of passive data: the PS-MuCAA tool [ESAC
panel]

manual-in-progress

PS-MuCAA stands for Passive Seismics — Multi-Component Amplitude Analysis and it is
a way of considering multi-component passive data and retrieve information about the Vs
distribution along the considered profile (also identifying possible lateral 2D variations).

In case you record and upload multi-component data, remember you need to use the
same unit of measurements (e.g. mm/s, m/s, cm/s or counts) for all the components.

Data acquisition

Recording time: usually 10-20 minutes are enough, depending on the characteristics of
the site and on the goals.

Data need to be recorded in a quite classical fashion: a linear array is spread and multi-
component passive data are recorded.

Let us consider a 21- or 24-channel array for the acquisition of passive data for all the
three components or, if there is no time, only for the Z and T components.

How to record multi-component passive data?

Two common options are:

option#1

If you are using a “classical” acquisition system (seismograph and seismic cables), you
can record the Z and T (and possibly R) components in successive acquisition (you first
connect the vertical geophones and record n minutes of passive data, then connect the
horizontal geophones to record the T component [finally you can rotate the geophones
and record the R component)])
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Acquisition of the Z component considering a classical system (seismograph + seismic
cables): when you plant your Z geophones, you should carefully verify that the geophone
is really vertical (a simple and cheap bubble is enough).

Linear array for the dispersion and amplitude analysis to identify possible lateral
variations (PS-MuCAA tools): we can see one seismic cable (classical acquisition
system) and both horizontal and vertical geophones deployed so to collect multi-
component data. You first connect the Z geophones (and record your passive data) and
then the horizontal geophones (for the acquisition of the T component — you can then
also record the R component by simply rotating the horizontal geophones by 180°).
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option#2

If you are using a 3-component (e.g. wireless) system, you can record simultaneously all
the three components necessary to perform our multi-component analysis for the analysis
of both the dispersion and amplitude (PS-MuCAA).

Acquisition of 3-component data using a wireless system composed of several (in this
case 12) 3-component geophones (each box is a 3-component geophone).

Close up of the previous photo: on the right, a vertical (Z) geophone and, on the left, a
horizontal geophone rotated so to collect the T (transversal) component. By rotating the
horizontal geophone by 90° we will then collect the radial (R) component.

courtesy of roXplore.ch
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Easy management of SmartSolo data in the ESAC panel (winMASW®
Academy)

Continuous (passive) data recorded with the SmartSolo system can be easily upload
and processed in the ESAC panel. Please, remember that ELIOSOFT can provide you
with both traditional acquisition systems (with cable) as well as with the SmartSolo
cableless system (independent 3-component geophones synchronized via GPS).

The easiest acquisition procedure is according to a linear array and in the following
“educational” example (aimed at showing you how simple is the procedure) we will use
the data from just four SmartSolo IGU-BD3C-5 units.

Acquisition

Four (4) SmartSolo IGU-BD3C-5 nodes are deployed according to a linear array. The
“North” of the nodes is_not oriented according to the geographical North but
according to the seismological components: the “North” is the direction of the array (in
seismological terms this is called the radial component) and, necessarily, the EW
direction is actually the transversal component (which is perpendicular to the radial
component). Therefore, we do not speak about NS and EW but, in addition to the vertical
one, we consider the radial and the transversal components which are the direction of
the array and the axis perpendicular to it, respectively.

We highly recommend to deploy the nodes using a simple rule: the increasing Serial
Number (i.e. at your first point you deploy the node with the smallest serial number and
then deeply the other nodes using the nodes with an increasing Serial Number).
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Here below, an example of array with just four (4) SmartSolo nodes (i.e. SmartSolo 3-
component geophones). In order to easily (straightforwardly) analyse the radial and
transversal components, the geophones are deployed with the NS direction inline
with the direction of the array. In other words, our “relative North” (which coincides
with the direction of the array and represents the radial component) is pointing to
(more or less) N35W.
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While dealing with a linear array
(usually recommended), the North of
the SmartSolo node does not have to
point to the geographical North. It
must coincide with the direction of
the array.

Converting the SmartSolo data

Once you are at home, with the software provided with the SmartSolo nodes, you will
save/convert the data from your nodes in a series of files (one for each node) with the 3-
component data. This means that, in our case, we obtain four files (one for each node)
containing all the three components. By default, you will obtain four files with this kind of
filenames:

590002381.0001.2023.11.28.12.01.00.000.ENZ.seg2
590002493.0001.2023.11.28.12.01.00.000.ENZ.seg2
590002523.0001.2023.11.28.12.01.00.000.ENZ.seg2
590002525.0001.2023.11.28.12.01.00.000.ENZ.seg2

The first series of digits are the Serial Number of your nodes and the nodes need to
be deployed following an increasing Serial Number — see map shown previously:
we started from the upper left corner [1 - 590002381], then moved to the second
point [2 - 590002493], the third [3 - 590002523] and finally the forth one [4 - 590002525].
The last three letters in the filename mean that the first trace is about the EW
(transversal!) component, the second about the NS (radial) component and the last one
about the vertical one.
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Uploading the data in the ESAC panel

In the upper left corner, a light-blue button (“upload SmartSolo 3C data”) allows you to
upload all your four files at once. The winMASW® software will extract the GPS
information from the seismic data and automatically create all the maps you can see in
this section. Of course, this information is usually not extremely precise but you can
easily (manually/personally) modify the distances (offsets). In very practical terms:
inaccuracies should be personally adjusted/modified when the sensors are relatively
close to each other but can be ignored for very distant nodes. In the present case we
easily measured the distance between the sensor #1 [590002381] and #2 [590002493]
and modified the value according to the actual measurement (15 meters instead of 13.6).
For very distant nodes [in our case the nodes 590002523 and 590002525], in case it is
not possible/easy to measure the actual distances we can work with the values
automatically extracted from the GPS data since the error is usually small enough not to
create serious problems (an error of 2 meters for two sensors 80 meters apart is small
enough that it should not cause too much concern). Always consider that this kind of
techniques are important especially for obtaining large-scale and deep (low frequencies)
information.
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Throughout the procedure, a few dialog boxes will help you in properly uploading the data
and obtaining what you exactly want.

IMPORTANT NOTE: In fact, at the very end of the uploading procedure, the software will
ask you if you want to work with an “optimized” linear array (i.e. if you want to ignore
and remove the small deviations from a perfectly-straight line) and, in case you answer
positively, from the dataset recorded according to the array shown above, you will obtain
an array like the one shown below. This is useful in case you are dealing with analyses
aimed at obtaining a standard 1D profile but is mandatory in case you are using several
(minimum 20) nodes and wish to obtain a 2D Vs profile according to the SUPPSALA and
PS-MuCAA procedures.
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Once you have properly recorded and uploaded your data, you will be able to work with
all the three (seismological) components: vertical, radial and transversal. The first
two refer to Rayleigh waves while the third one to Love waves (reading the paper Dal
Moro and Mazanec, 2024 is mandatory).

Data analysis

In this case (we just consider four SmartSolo nodes), we can easily obtain seven
“objects” (to jointly analyse): four HVSR curves and the dispersion data for the Z, R
and T components

The four HVSR curves obtained from the ESAC panel (PS-MuCAA tool)
The real four points are those marked with the magenta square while the rest are
obtained by interpolating the values over the whole array.
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Dispersion for the vertical component of Rayleigh waves (main component)
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The dispersion for the radial component of Rayleigh waves (H1 component)

The trend around 3 Hz is due to the limited number of traces used (just four) [aliasing
phenomena]. This can be attenuated/avoided using a larger number of nodes although in
the next winMASW® release a new interesting tool will be added aimed at avoiding this
kind of artefacts using a limited number of sensors.
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PS-MUCAA: Amplitude & Phase spectra, Spectral Ratios (RVSRITVSR/HVSR)

..................... ry analyze the saved spectra dear

A brutal way to reduce this kind of phenomena is the application of a “severe” fk filter
(using a small fk parameter) during the ESAC processing (a dialog box automatically
appears) but this can be done only by expert users with excellent signal processing know
how. The following snapshot shows what you can get through a heavy fk filtering
(compare with the previous figure).
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Dispersion for the transversal component (Love waves) (H2 component)

Also in this case spatial aliasing is responsible for the curve around 1.8 Hz (see comment
about the radial component).
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PS-MUCAA: Amplitude & Phase spectra, Spectral Ratios (RVSR/TVSR/HVSR)
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Not bad, if we consider that we recorded the data with just four sensor, isn't it?
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NEW OPPORTUNITIES

ESAC: what can you do you with just a few 3-component sensors?

In the 2024 release, we will add a further new tool aimed at properly assembling
the passive data recorded with a limited number of 3C sensors (now often
called “nodes”) [e.g. 4 nodes] and obtain the data useful to obtain a well-defined
dispersion from ESAC. In simple terms: with, for instance, just four 3-component
sensors/nodes, you can record a first (passive) dataset while the sensors are
deployed pretty far apart while a second dataset can be recorded after having
moved the sensors at four new/different positions (an example of the data
processing necessary to handle and merge this sort of “mixed” data will be
provided).

On the other side, in case you are interested in the SPAC technique (which
requires just 4 sensors), you can work with the HoliSurface® software application
(https://www.winmasw.com/ uk/prodotto.asp?IDp=1) which was designed in order to

exploit the (active and passive) data from just a very few sensors.

What's the concrete difference between the SPAC and ESAC in terms of
performances? The answer could be extremely wide but the very first point to
consider is that, compared to SPAC, the investigated frequency range is much
larger for ESAC (this is inevitable cause, thanks to the much larger number of

sensors, the wavelengths investigated via ESAC are many more).
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Long(er) profiles

In case the profile to investigate is longer than our array, once we have recorded the data
considering the first array, we can move the whole array in a successive position (see
arrays #1, #2 and #3 in the next two figures).

Example: we want to investigate a 248 m profile with a 21-channel acquisition system.

In this case we can consider three (3) successive arrays (21 channels each) with dx
(geophone spacing) equal to 4 m (see the two following figures).

-

PS-MUCA ¢ 5 - MU e A

array#l array#2 array#3

e

We will then end up with three sets of data to properly use for the analyses. It must
be clearly understood that the analysis of the dispersion and the analysis of the
amplitudes is totally different.
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Data acquisition: few notes

Recording time
Follow the usual reasoning to apply for dispersion analysis from passive data (it depends on the
goals and site characteristics). For common applications 20 minutes are fine.

Geometry (dx values)

In case you suspect (or know) that along the profile are present different terrains, dx can be
variable. Because of the spatial aliasing, it needs to be relatively smaller over the softer
sediments and relatively larger over the stiffer materials.

PS-MuCAA: example of variable-dx survey. In order to depict the 2D structure of this
small valley two crossing lines [yellow and green] are designed so to properly manage
the different terrains (the central part of the area is dominated by peats). Each point
represent a 3-component sensor.

Courtesy of roXplore.ch
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Data processing

step#1 - amplitude analysis
(mainly aimed at verifying possible lateral variations)

key fact in case we consider the data recorded by different arrays (see figures in
the previous page): if we record the data during the same few hours (with no change in
the weather conditions) and consider sufficiently-long time series and clean the data so to
keep only the background microtremor field (removal of transient large-amplitude events),
the amplitude of the different arrays we are considering can be compared. This means
that all the possible spectral ratios are meaningful even when we consider the data
collected along the array#1, #2 and #3.

Of course, in case we record the data of the array#1 in the early morning during a sunny
day with no wind and the array#3 in the late afternoon when the sky is now cloudy and
the wind is blowing, we risk not to be able to compare the amplitudes (and probably the
spectral ratios) of the two arrays.

Gauss frequency/ies: Please, notice that you can input more than one value. If for
instance you want to analyze the amplitudes at two different frequencies (e.g. 2 and 5.5),
you can input both the values and the software will show you (and save) the amplitudes
for both the frequencies.

Cleaning threshold: Value multiplied by the trace standard deviations so to fix the
maximum amplitude allowed (larger-amplitude data are removed).

Moving mean: bla bla
H/Z sensitivity ratio: bla bla
Average Vs: bla bla

Dispersion analysis for any component: bla bla

manual-in-progress
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step#2 - dispersion analysis
(aimed at defining the Vs profiles where subsurface conditions are
homogenous — see previous step)

key fact in case we consider the data recorded by different arrays (see figures in
the previous pages): in order to analyse the surface-wave dispersion we need to deal
with_synchronous data so we cannot consider the data of the three arrays (see
previous figures) altogether. We can analyse dispersion along the three arrays
separately.
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Example of pseudo 2D section obtained by using the described procedure: the blue
area is about a peat channel (Vs of about 50 m/s) while on the right a paleo sandy dune
(Vs of about 250 m/s) (see also the Appendix “batch processing of multiple HVSR data” —
the second reported example).

More details and analyses about this case study in the paper Tools for the efficient
analysis of surface waves from active and passive seismic data: exploring a NE-Italy
perilagoon area with significant lateral variations (Dal Moro & Stemberk, 2022) - see
References.
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Outputs:
1) In case you uploaded just the Z (main) ...

2) In case you uploaded the Z and H1 components you will obtain the H1VSR data in
terms of images and H1VSR.hv curves (H1VSR1.hv, H1VSR2.hv, H1VSR2.hv etc.)

3) In case you uploaded all the three components (Z H1 and H2) you will obtain the

H1VSR data in terms of images and H1VSR.hv curves (H1VSR1.hv, H1VSR2.hv,
H1VSR2.hv etc.)
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4.4.2 SUPPSALA: 2D Vs profiles from multi-offset passive data [ESAC panel]

There are at least three possible approaches for the 2D reconstruction of the subsurface
properties:

1) body-wave (P and SH) seismic tomography

2) Surface wave analysis from passive data: SUPPSALA technique

3) HoliSurface or MASW (active) techniques according to a roll-along procedure
[from the practical point of view, a series of standard 1D profiles are obtained from a
series of successive shots recorded according to a roll-along procedures, i.e. you tow
your geophone array along the section you intend to investigate; obtained Vs profiles are
then arranged with the tool available in HS and winMASW® Academy so to obtain a 2D
Vs section].

For the first two approaches, 12 channels are usually not sufficient since we need to work
with 24 (or even more) channels.

With body-wave tomography one can work with both SH and P waves (but beware of the
effect of saturation conditions on P waves and consider the fact that the investigated
depth is limited), while with surface waves it is possible to define only Vs values (in case
you also consider the HVSR, investigated depth is potentially much greater compare to
body-wave tomography).

Clearly, since performances depends on site characteristics and specific goals, there is
no “best method” in universal terms.

The acronym 2D-SuPPSALA stands for 2D Subsurface Profiling via Passive Surface
wave data Analysis from Linear Array. This means that the goal is to define a 2D Vs
section from passive data collected along a linear array. This technique somehow
replaces or integrates the SH-wave tomography refraction.

Data acquisition: some recommendations

1) Data quality is crucial: geophones must be accurately tested to make sure that
response curves and polarity are the same

2) Geophones need to be deployed (“planted”) with great care: perfect coupling and
perfectly vertical/horizontal

3) While recording the field data, we recommend using HS-QC software to verify data
quality (see pertinent section of the winMASW®/HoliSurface® manual)

4) Use, in general, the same spacing between geophones (dx), but in case you suspect
that an abrupt lateral variation occurs at a certain location, around such a point a smaller
dx can be used

5) In general, it is recommended to consider the T component (i.e. Love waves). In case
you want to take full advantage of the PS-MuCAA procedure (i.e., computation of
various spectral ratios for each point of the array), you can also record the Z (vertical)
component but in general it is strongly recommended to record (also) the T component

6) As for refraction tomography, for the reconstruction of the 2D Vs section, 12 channels
are not adequate and we should work with 24 (or more) geophones/channels.
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Processing

There are several possible approaches to obtain 2D Vs sections via SUPPSALA and we
will show only a couple of possible approaches/examples. The SUPPSALA tool is actually
pretty flexible and the procedure you can decide to follow depends on how strong is your
theoretical background and should be tailored based on actual needs and site
characteristics. Attending courses and workshops is clearly strongly recommended.

Few details about 2D-SuPPSALA and PS-MUCAA

In order to reconstruct the subsurface Vs model with a good (large) investigated depth,
we need to deal with two “objects”: 1) dispersion data; 2) spectral ratios (e.g. HVSR or,
similarly, the simpler but fundamentally identical TVSR)

Dispersion data along the array are obtained through the “2D-SuPPSALA” button
(lower right of the new ESAC panel): the array (as for refraction seismics, 24 channels is
the minimum recommended) is then divided in a series of subsets of smaller arrays. In
case for instance you choose to consider 6-channel subsets, you will obtain the
dispersion for the following subsets: 1-2-3-4-5-6 then 2-3-4-5-6-7 then 3-4-5-6-7-8 and so
on and on.

The computation of the spectral ratios are then computed for each point with the PS-
MuCAA routine (lower left of the new ESAC panel).

In case you uploaded just the T component (as H2 data) and the Z component (as main
component), you will obtain the TVSR curves while in case you also uploaded the R
component (as H1), you will also obtain the HVSR (and the RVSR). Please note that
TVSR RVSR and HVSR are typically almost identical (only possible industrial
components are usually affected by significant directivities).

Of course, for the very initial and final points, where it is not possible to compute a
dispersion curve, we take/extend the dispersion of the first (and last) useful subsets,
which are anyway associated to the actual/real HVSRs.

We can eventually analyze what we need to get a 2D Vs model: just the dispersion
(in this case the penetration depth will be limited by the lowest reliable frequency) or the
dispersion + HVSRs (in this case the investigated depth will be significantly larger).

In case you want to analyze just the dispersion (for very shallow studies), in the “single-
observable inversion” panel (from the main winMASW® panel) you will upload the
dispersion file obtained via 2D-SuPPSALA and saved in the “array_dispersion_curves”
output subfolder (file “2DSuPPSALA_dispersion_curves.mat” or similar file name).

On the other side, in case you want to jointly invert dispersion data (e.g. about the T
component) and one spectral ratio (e.g. the TVSR), you will use the “Joint Inversion of
Rayleigh/Love + HV” panel (from the main winMASW® panel). You will upload the
dispersion data (same file as for the previous case) and the spectral ratios .hv files saved
in the PS-MuCAA output folder (e.g. “PS_MuCAA_frequency2_22Hz_movingMEANT1"). In
such a folder files are saved with the number of channels. For instance:
H2VSR_channel_1.hv, H2VSR_channel_2.hv, H2VSR channel_3.hv and so on).

PS-MuCAA [Passive Seismic - MUIti-Component Amplitude Analysis]: is about the
computation of the spectral ratios that the considered data allows (in your case also the
HVSR but it can be TVSR or RVSR, which are actually VERY often the same thing!]
SuPPSALA (SUbsurface Profiling via Passive Surface wave data Analysis from
Linear Array): is it about the determination of the dispersion processing (point#1).

www.winMASW.com - geophysical software & services



122 winMASW®

CASE STUDY#1: SINGLE-COMPONENT ANALYSIS (DISPERSION ANALYSIS ONLY)

Please, remember that it is strongly recommended to use the T component (Love waves).
By analyzing only the dispersion (of one component), the kind of results that can be
obtained (2D Vs section) is in general comparable to what would be obtained via SH-
wave refraction tomography.

For the example shown below (just for educational purposes) only 12 channels are used
but for serious professional jobs it is recommended to work with 24 (or more) channels.
The same applies to refraction tomography.

Step#1 - Determination of the dispersive properties

Once the single-component passive data have been uploaded (having in case removed
all the traces that for whatever reason should not be considered [poor quality etc.]), one
must identify the most appropriate processing parameters for the type of sites and data
we have available. Since this is an operation that requires considering many aspects, it is
not possible to summarize all the necessary reasoning.

Since, the SUPPSALA procedure is based on the analysis of subsets of data/channels
(i.e. shorter arrays), it is clear that the minimum frequency cannot be the same used while
considering the entire dataset for the standard 1D case (long array).

After launching the procedure (2D-SuPPSALA button), we are asked a few things (read
carefully and make appropriate choices). The most important parameter to fix is certainly
the number of channels to be used to define the subsets/arrays (for most of the
applications the number is between 6 and 8).

Once we have provided all the required parameters, the procedure continues eventually
providing a series of outputs/graphs such as the ones shown here below (read the graphs
carefully). This step/procedure does not require any particular computational effort.

Clearly, the dispersion values at the edges cannot be determined and are therefore

"copied" (extended) from the nearest curves (consider carefully the values of the in-line
positions reported in the two figures below).
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Step#1: obtained dispersion curves (the amount of curves is interpolated in order to make
the overall trend more readable).
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dispersion at the array points [#12]
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Step#1: extending the dispersion curves to the edges of the array in order to cover the
entire array (compare the inline positions shown here with the one of the previous figure).
These are the curves that are going to be inverted (step#2).
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Step#2 - Inversion of previously-retrieved dispersion curves

During this second step the computational load is definitely heavier (see section about
System Requirements) but the procedure extremely simple.

From the "single-observable inversion [dispersion data; also 2D-SuPPSALA]" panel, we
now upload the 2DSuPPSALA_dispersion_curves.mat file saved in the
"array_dispersion_curves' subfolder during the step#1.

We then set the appropriate inversion parameters (it is necessary to start from a starting
model previously identified through the forward modeling of one of the dispersion curves
automatically saved during the previous step in the “array_dispersion_curves” folder)
and launch the inversion. We eventually obtain a series of outcome including the
following two:
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The magenta squares along the x axis of the final 2D Vs section indicate the range within
which the solution is "real" (outside these limits the solution is so-to-speak interpolated).
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Values for the “equivalent Vs” computed up to the depth of 9 m: note the increase in
mean Vs related to the shallower contact between the surface peat-like sediments (Vs <
80 m/s) and the deeper "normal" sediments (Vs > 130 m/s). Note the general consistency
between previously shown (and inverted) phase velocity spectra and the final result
shown here.

In addition to the several images produced at the end of the step#2 and automatically
saved in the SUPPSALA output folder, an Excel file is also produced showing the matrix
of vertically interpolated Vs values with a distance dz indicated by the value given in the
file name itself: smoothresampledVSsection dz0.3m.xls means 2D Vs section with
vertically interpolated values every 0.3 m.
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CASE STUDY#2: MULTI-COMPONENT DATA ANALYSIS

The new ESAC panel enables multi-component passive data analysis and this allows a
large-number of possible acquisition-and-analysis strategies.

The simplest one for those who have a "classical" acquisition system with two 12-channel
cables is to arrange the two cables parallel to each other and connect the Z geophones
along one cable and the horizontal ones on the other (for the T component). This will
provide the data for analyzing Rayleigh (Z component) and Love wave (T component)
dispersion, as well as the HVSR curves at each point/channel. In this case the problem
can be related to the limited number of considered points (just 12).

Another possible strategy is to deploy the two cables along a single linear array (12 + 12
= 24 channels/points) and “plant” both the vertical and horizontal geophones (see figure
below). We then first connect the Z-component and record a passive dataset.
Successively we connect the horizontal geophones and record the T component.
Incidentally this is what can be done also in case you have a single cable.

In case we have a wireless system with 3C sensors, things are easier and we simply
need to deploy the 3C nodes along a line. Remember that we do not have to consider
the NS and EW geographical directions but the seismological components: the 3C
geophones need to be rotated in order to have one H component parallel to the line
(radial component) and the second H component perpendicular to it (T component).
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For the example briefly present below, data were collected with a set of wireless 3C
geophones along a linear array of more than 2 km.

Step#1 - Determination of the dispersive properties and HVSR

As shown also for the previous small case study, while 2D dispersive properties are
defined by clicking the 2D-SuPPSALA button (remember to carefully set the processing
parameters), for defining the HVSR curves (for each point) we use the PS-MuCAA
procedure.

We first need to upload at least 2 components: the vertical (Z) and the transversal (T)
ones.

Since in this case we were working with a set of 3C geophones, we can actually work
with all three components. The HVSR is computed considering all of them (but results are
usually pretty much the same in case we consider just the Z and Tcomponents only),
while for the dispersion we will work (as we often recommend) with the T component
(Love waves) [the component to be considered is chosen from the pop-down window in
the upper left corner, within the compute group].

Step#2 - Joint inversion of the T-component dispersion (Love waves) + HVSRs

In the "Joint Inversion of Rayleigh/Love + HV [single or 2D-SuPPSALA]" panel, we now
upload the 2DSuPPSALA dispersion _curves.mat file automatically saved in the
"array_dispersion_curves" sub-folder during the step#1 of the SUPPSALA procedure and
the HVSR curves produced by means of the PS-MuCAA tool (these latter are ordinary
.hv files). We then set the inversion parameters (to do this we clearly need a real in-depth
understanding of what we are doing) and then launch the joint inversion (RUN button).

it dispersion data snd FVER dispersion data and HVSR
S -_— Dispersion Curves from 20-SuPPSALA [24 points]

e frequency (Hz) inling m)
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Step#2 (joint inversion): uploading the dispersion data and the HVSR curves.
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What we obtain in the end is summarized in the following image: the field data, the
synthetics of the identified vertical profiles and the 2D Vs section.
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Very brief introduction to interferometry

work-in-progress next release()

Interferometry can be proficiently used only when we are dealing with large arrays that
ensure clear a clear dispersion pattern.

Main Pros:

a) Working with simple linear arrays

b) Clear phase-velocity spectra with, in some cases, the possibility to separate different
modes (if present)

c) Possibility to identify the position main microtremor source

d) For large datasets (several tens of channels and several tens of minutes of data)
computational load can be lower when compared to ESAC processing

Recommended acquisition parameters

1) Recording time: 20-30 minutes. Actually very variable: it depends on the minimum
frequency we intend to analyze (in case we intend to consider very low frequencies,
longer acquisition length and very large arrays are necessary); sampling frequency:
250-500 Hz [2-4 ms]
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2) Consider more than one (single) component [vertical, radial, transversal — see
figure here below]

T component (Love waves)
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R component (radial component of Rayleigh waves)
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Orientation of the horizontal geophones for the acquisition of the radial (R) and
transversal (T — Love wave) components
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3) Linear arrays in line with the main microtremor source(s) [see figures here below]

l geophone array

geophone array

Recommended array deployment/orientation in case of busy highways/streets

main microtremor sources
(e.g. industrial area)

geophone array

main microtremor sources
(e.g. industrial area)

geophone array

Recommended array deployment/orientation in case of localized microtremor area
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Validity limits: the lowest reliable frequency can be defined in a similar way as for the
ESAC technique, through the green lines shown in the obtained velocity spectra.

Comparing ESAC and interferometry:
example#1 [Z component, vertical component of Rayleigh waves]

Phase-velocity spectrum from ESAC analysis

Phase-velocity spectrum from interferometry

work-in-progress

Comparing ESAC and interferometry:
example#2 [T component, Love waves]

Phase-velocity spectrum from ESAC analysis

Phase-velocity spectrum from interferometry
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4.5 Group velocities: MFA (Multiple Filter Analysis) (Academy
version)

This method allows to define dispersion curves for group velocities (not for phase velocities),
anyway the procedures are in general absolutely similar to the ones adopted for phase-velocity
analyses (MASW or ReM).

First (as usual) upload the common-shot gather (icon top left). Theoretically to perform MFA
analyses one trace could be sufficient, nevertheless the resulting spectrum will surely result more
robust when obtained as the average of several traces (we may suggest 3-6 traces at least).

It is not possible to summarize in a manual all the characteristics and the pros & cons of a
methodology, and we will limit the presentation to 2 points only:

1. the link between VsyrH (phase velocity of the surface wave) and Vsyear (group velocity of
the surface wave) and Vs (shear-wave velocities in depth) is different (in other words the
relationship frequency — Vs and frequency-Vsyrr is different from the one between
frequency — Vs and VsypGR).

2. with respect to VsurH, Vsupar Seem (sometimes) more sensitive to Vs variation in depth
(see e.g. Luo et al. 2010).

For these reasons we suggest the joint analysis MASW + MFA (+ possibly HVSR) (button “Joint
Analysis of Phase & Group Velocities”).

Parameters Alpha0 & Alpha1

The Gaussian filter used during MFA depends on 2 parameters: Alpha0 and Alphal. There
are no universal values suitable for any dataset as these values depend on the specific
dispersive properties of the considered dataset. Anyway, thanks to some improvements
present in the 4.7 version we would suggest 2 fix values: 120 and 0.01, respectively. It is
also recommended a re-sampling to 1Tmsec (see panel down here).
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www.winMASW.com - geophysical software & services



winMASWe 133

By activating the verbose option you will also obtain the 2 following windows.

The first one reports the delays as a function of the offset
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while the second one presents the last considered trace (on the left) and the obtained
velocity spectrum (on the right).
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Please notice that MFA analyses cannot be applied to ReMi-like acquisitions because in that case
time and position (thus distance) of the source(s) is not known.

In seismology it is possible to apply MFA technique only once the epicenter is defined, thus its
time and position is determined with respect to the receiver.

The joint modelling is then performed in the usual way (see example down here): from the

uploaded dataset it is computed the velocity spectrum representing the phase velocity (MASW
technique) and the group velocities (MFA technique).
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Of course it is also possible to upload an H/V curve and perform a 4-observable analysis: phase
velocities + group velocities + HVSR + refraction travel times.

In case you upload a Z or R active dataset, dispersion and refraction is about Rayleigh and P-
wave, respectively. On the other side, if you upload a T-component dataset, dispersion and
refraction are about Love and SH-wave respectively.
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4.5.1 Panel for the joint analysis of group and phase velocities together with
the HVSR and refraction travel times

From the main panel of winMASW® [Academy] we can access the Joint Analysis of
Phase & Group velocities [+HV & refraction] panel. Here we can upload an active
dataset and the HVSR curve (which should always be the average of two HVSR curves
taken at two different points of the array).

By clicking the compute P & G velocity spectra button, we compute the phase
(considering all traces) and group (considering just one of the traces!) velocity spectra of
the uploaded active dataset.

Here is an example of a screenshot where four "objects" (observables) are shown (from
the upper left corner clockwise): active seismic traces obtained considering 5 geophones
[ZVF component], phase velocities (the high frequency and high velocity signal is due to
spatial aliasing but, since this is extremely clear and cannot misinterpreted as higher
mode (or whatever), it does not create any problem/concern), group velocity (referring to
the farthest trace - see red square on the last seismic trace), uploaded HVSR curve.
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With some forward modelling (using both modal curves and FVS) we can eventually
converge to the model shown below (the congruity between campaign data and model is
obvious).

As always, we can decide whether to get the final report by referring to the modal curves
[DC report button in the bottom right corner] or the FVS solution [by far more robust] [FVS
report button at the bottom right cornery].
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Regarding the refraction modelling (it is activated with the option in the upper right
corner of the panel), if we are analyzing the Z or R components, the modeling will (clearly
and necessarily) refer to P waves, while if we are analyzing the T component, the
refraction will refer to S waves. Here below an example of the same joint modeling
considering THF data (i.e. Love-wave phase and group velocities + SH-wave refraction
travel times + HVSR).
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Spectral analysis (in particular for active data)

A tool for traditional spectral analyses is also available (calculation of an amplitude and
phase spectra): button “Spectrum” in the group “filtering & spectra”

Considerations must be done according to the selected component (surface waves only,
refracted waves, air waves, etc.),

For instance, while analyzing surface waves only, you'll notice the “erosion” of the high
frequencies (i.e. the disappearing/attenuation of high frequencies at large offsets), due to
geometrical spreading and viscosity (attenuation).

The soil (especially if made of unconsolidated materials) acts in fact as a filter, thus
attenuating especially the high frequencies (see the chapter dedicated to the attenuation
of the Rayleigh waves).

Here following the figures relevant to the spectra of the first and last traces of the dataset
test-attenuation2.sgy:

1. due to attenuation phenomena the amplitude of both traces is quite different (the

peak related to the first trace is over 600, while it decreases to about 100 for the

last trace)

2. compared to low frequencies, the highest result more attenuated
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Here below the amplitude and phase spectra of the air wave: note the high frequency
characterizing the signal (peak around 145 Hz).

B winMASW: spectral analysis

licailu=

trace:| 222
— frequencies (He)—

min: 1
mes; | 300

time (s)

0.2

04

086
08

1.2

14

16

18

5

trace#24

Amplitude spectrum

25

05
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v\

50

150 200

frequency (Hz)

100 250

50

-100

-150

-200
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-300

Phase spectrum (unwrapped)
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\

.

b

150 200

frequency (Hz)
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250

Consider the potentiality of this tool when selecting a data portion: if in that portion there
are frequencies incompatible with the component you aim to isolate/investigate, that can
be useful to redefine the selection polygon.

Spectrograms

In the “utilities” section the button “spectrogram” will give the possibility of computing the
spectrograms of the uploaded dataset (trace by trace). This will allow the user to evaluate the
spatial and temporal change in the frequency content due to seismic wave propagation and

attenuation.

trace:

window: | 80

min freq (Hz) 1

max freg (Hz): 80

Time (s)

trace#12 (42m)
0 T

Spectrogram

0.2

0.4

0.6

0.8

Time
-

Frequency (Hz)
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Picking of the dispersion curve

139

To pick the dispersion curve (i.e. to select those points that, according to the user, belong to a
particular propagation mode of the surface wave) it is necessary to:

1. choose the mode from the scroll menu

2. click (left mouse button) the points along a certain coherence that the user identifies and
understands as a particular “mode” (see example in figure 2)

3. save the picking

If there are more datasets in our “mode”, just pass to the other one scrolling down the menu
(once you’ve done and saved the picking of a mode). Different modes will be marked in different

colors.

The new data, relevant to the second mode, will be saved in the formerly indicated file. The final

inversion will finally consider the whole of data.

The picking file is a three columns ASCII file (.cdp-curve of dispersion in Italian): the first shows
the frequencies, the second the velocities and the third the mode (as chosen by the user scrolling
down the menu). We suggest to save the dispersion curve in the default directory “dispersion

curves”.

u winMASW 4.1 Pro - Velocity Spectra, Modeling, Picking

= | B |

EEIEE
— #: ing & ing (MASW

dataset stendimenta dat

minimum offset. 1.5 m

geophone spacing: 1.5 m

sampling: 0.26 ms

normalized traces
0
o1 7
E
0z
0.3
04
o
- 05
o6
07
0.8
ng
L . .
i} i 10 15 20
offset (m)

— utilties — data selection refraction —
[ fip traces | activate | quick refraction |
[Cspectrum | [select | | 20 \@ (save |
[movie) (2] || [Ceancel] [save | (]

wivewgllosoft it
-
winlViA SV S r—rr=rs

a

— #2: velocity spectrum, modelling & picking (MASW & ReMi
— MAS Redi —
calculate spectrum | ) Tau-v upload ReMi spectrum |

velocity spectrum

— visualize curves —

[input curve [Z\

phase velocity {m/s)

40 50 B0 70

10 20 30 a0
frequency (Hz)
| explore spectrum

modelling picking —

parameters save model ‘ fundamental EJ

PR TR % use the right buttan to select the
‘ upload madel | | 3 | Rayleigh = last point of the considered mede inversion
[¥] eigen period [z @l B cancel picking | exit

Figure2. Picking of the dispersion curve
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A\

ldentifying and picking the dispersion curve is of course an operation
of crucial relevance for the final result.

The user should have the necessary confidence to do that operation.

A misunderstanding (curve profile or assigning the mode) could lead to
inconsistent results.

In order to have a clearer view on the dangers following article is
suggested:

Velocity Spectra and Seismic Signal Identification for Surface Wave
Analysis (Dal Moro et al., 2006) and Possible Effects of Misidentified
Mode Number on Rayleigh Wave Inversion (Zhang & Chan, 2003).

A

“Picking” a too dense dispersion curve won't give better results but a
longer computational time.

We generally suggest to concentrate on not more than 15 couples of
points (couple frequency-velocity).

Structure of a picking file (.cdp)

FREQUENCY (Hz) VELOCITY (m/sec) = MODE

15.9956 1135.77 0
19.1886 815.43 0
17.9342 929.45 0
20.557 761.134 0
22.0395 733.986 0
25.1184 685.12 0
26.4868 668.832 0
28.3114 641.684 0
31.8465 592.818 0

Visualizing different curves (picking or output curves)

Clicking on the button top right of the screen you will visualize and compare different
formerly picked dispersion curves (.cdp) and/or dispersion output curves (.cdo). They will
show over the velocity spectrum in use.

do passo: determinazione dello spettro di velocita

Input

input curva I ﬂ

b

spettro di velocita

550
500

IEU
rn
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The "movie" button (in winMASW® Academy its full implementation)

4 winMASWE - Joint Analysis of Surface Waves + HVSR (and P- or SH-waye refraction travel times)

Q@ vse<ft & muv g R @8 | T 'C': Sl B | © oS = R

You data in motion (some fun, but also for educational purposes).

Among the several facilities for the visualization of your data this single-component movie
(automatically saved in the working folder).
Two videos are shown and automatically saved in the working folder:

1) the animation of the normalized data (saved as "winMASW _Seismic_Movie normalized
amplitudes.mp4")

o normalized amplitudes ; normalized amplitudes
_on e

T
Mk

¢ vtk 0.5
») )I il
2SS

iy J; WWw.wiNnmasw.com 0

2

P 2952
b 1334

) i ) “l " 05
|

.35 < 10 15 20 25 30 a5
offset (m) offset (m)

2) the animation of the actual-amplitude data (saved as "winMASW_Seismic_Movie_actual
amplitudes.mp4").

actual amplitudes w10 maximum amplitude vs offset <107 actual amplitudes
O . § 107 - P 1 . : i
SRR ‘ '
;;¢;?} | ‘E ‘ ‘ 9 8
= m-IT‘:;-.’;‘»‘."‘ (U] £ &
= \ 1 [ )| \
i f'!!!f';"""‘fl‘ 7 ‘
3 11 | } H I \
i 5 L] g¢/| 2
2 3 ‘ AEREAANE 2, ¥\
Loall | | || RESEARHNS 3 0
£ 50 | 1) E.
3 ‘ ‘ | | w4 -2
§ oafl | ||| I | 3 ;}fh‘- 4
N A\
05| | | | | ‘ | | 1 Vi N -
1 - L 11, 1 | ] 1. L 1 ] L
10 15 20 25 30 35 10 15 20 25 30 35 10 15 20 25 30 35
offset (m) offset (m) offset (m)

Do you see what attenuation does?!
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Dispersion modelling: the modal dispersion curves

Beneath the velocity spectrum there is the section “direct modelling”, that allows the user to
calculate the dispersion curves of a model up to seven layers whose parameters can be fixed by

the same user clicking on the displaying menu on “parameters”

The calculated curves are screen shown and saved on an ASCII file (Frequency- VR) in the file
.modelladiretta.txt in the file winMASW/output.

winMASW®e

The aim is to get the evaluation of a possible mode in respect of an observed spectrum.

In the case of geological complex situations (i.e. seismic data of hard interpretation) this is a very
useful method and generally the interpretation is enough (as an inversion is no longer necessary).
It is clearly possible to fix different values of the Poisson ratio (in order to modify the Vp/Vs ratio):
you’ll notice that the Vp values (once the value of the Vs has been fixed, as modifying the Poisson
ratio means modifying the Vp) are not that relevant if compared to the role of the thickness and

shear-wave velocities (Vs).

Bl winMASW 4.1 Pro - Velocity Specira, Modeling, Picking

2 |

l=[=]

winlViASW

Attenuation analysis |

e | @ =
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Tt | — MaSH ReMi — — visualize curves —
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B win orvatd modcing [caleulate spectrum ] © Tau-v | | [uplaad Rent spectrum | g curve] (2]
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layer#l 110 0.40 - 22
800
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°
= 400
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Rayleigh - ———
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—— (O] C— ST -
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veneisliosoftit = =
7] eigen period refresh | (2] save picting | 2] [cancel picking exit
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a1 g | V¥ (misk 110 130 170 500; VS30: 246
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!
b Vp (mfs): 269 318 354 1207
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et Z 5w
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T Z 500 +
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Z
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08 200
= 100
1 i e
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[ spectrum | [ select | | 20 [upioadt] [save modelling picking —
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o] " use the fight button to select the
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wwgliosot It - - -
] 2 >
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Figure 3. Direct modelling: calculation of the dispersion curve (laid on the observed
velocity spectrum) of a supplied model by the user.
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About the final (deepest) layer: in the figure example below only 5 layers have been input (the last
one being a semi-infinite layer and therefore without any thickness value - leave the value equal
to zero).

[ [ N

winMASW 4.0 Pro - Determinazione Spettri di Velocita SIS

== u
— Primo: tr dati — determinazi spettro di velocita e picking

wiglalizza cure —
dataset: 4022.dat calcolo spetiro di velocita e il T,
offset minimo: 4 m ||nput curva | \L|
distanza intergeofonica: 2 m
campionamento: 0.8 ms

Tracce normalizzate Spettro di Velocita
— - 1000 — > =
n modellzzione diretta: parametri = RE -Dispersione Rayleigh-
— oo [Vs (mis): 132 235 220 180 620; VS30: 271
Spessori(m): 2.3 43 46 6.0
Vs Poizsan @ spessore 300 |Poisson: 0.45 0.45 0.35 0.35 035
(mfs) - (m) Vp (mis): 438 779 458 375 1291
B w
1% strato 132 045 - 23 o
@
2° shrato 235 045 - 43 o
1 ]
| =
3 strato 230 035 = 456 ]
@
2
i 180 o35 = ] :
! .,
: R
5° strato 620 035 = 0 3 .w;&:mmnt%_.”
I e R R R T
6% stratn

a |Paisson - a

20 30 40 50 B0 70
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semispazio 0 |Poisson = ‘ Esplora spettra

numero di moddi da visualizzare — modellaziohe dirett picking

(min:1, max; 20) . i
parametri salva muda\ln‘ seleziona modo -

selezionare M'utimo punto del moda

annulla | calcola | 3 | Rayleigh utilizzanco il tasto destro Inverti
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s ’7 R‘ay’le\gh v.

Invia e-mail |
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3C, Professional and Academy Versions

Joint analysis of Rayleigh and Love waves

winMASW®e

Since the 4.1 version both dataset relevant to Rayleigh and Love analyses can be jointly
analyzed. For this reason the main winMASWe screenshot displays a “group” dedicated
to a joint analysis of Rayleigh and Love (“Joint Analysis of Rayleigh & Love”).

Clicking on “Velocity Spectra, Modelling & Picking” the window containing uploading,
picking and modelling of both datasets (one relevant to Rayleigh and the other relevant to

Love) displays.

Rayleigh —

|mpu‘ e da‘al 100 U= (mis): 130 190 300 280 500; WS30: 322
& < (mis): ;WS 30:
[race fip) et o 900 fthickness (mk: 3.0 30 6.0 3.0
geaphone spacing: 2m gap [Poisson: 0.35 0.35 0.35 0.35 035
SApING2me: - Vp (mis): 375 396 624 583 1041
05 g 700
— select data—— E
_ ) = o
< [select ] [ 20 B 40
- [sancel] [ave) 2 ann]*e,
‘ £ a0 ¥
L . -
15 | - - -
picking— 200 rete o on i
PR R R S
selectmode  w| | 100 =
2 —
[save]  [cance 5 10 15 20 25 30 35 40 45 50
— | frequency (Hz)
offset (m) — |
Love =

input Love data |

‘trace fip o -
3 =

05
=

= A
£

15

2

10 20 El 40 50

offsst (m)

detaset: love 10m SGY
minimum offset: 10 m
geophone spacing: 2 m
sampling: 2 ms

Z 700
— select data E i
[pctivate] =
e s
select | [save] ] 500
[cancel 2 aoofit
£ .
= 300 &
—picking— 220 M e RS S S e
select mode -] 100

[

[cancel

4T Vs (mis): 180 190 300 280 500; VS30: 322
800 lihickness (my 3.0 3.0 60 30
00 [Poisson: 035 0.35 0.35 0.35 0.35

Vp (mis): 375 396 624 583 104

a 10 15 0 25 30
frequency {Hz)

i

40 45 50

Clicking instead on “Rayleigh & Love joint inversion” you’ll get access to the section
aimed to the joint inversion of Rayleigh and Love dispersion curves

BN winMASW 4.1 Pro - Joint Inversion of Rayleigh- & Love-wave Dispersion Curves

| [E] fE S

— Input picked dispersion curves

[ Input Rayjeigh-wave aispersion curve |

| Input Love-wave dispersion curve |
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8]

— option#1

— option
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| from a starting modet | ‘

— Genetic menu
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p and density optimization
— Outputting -
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[ pm |

close |

wer. 4.4 Pro

winViASW

— Dispersion curves

Rayleigh wave dispersion curve: Model#1-Rayleigh.cdp
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Love wave dispersion curve: Model#1-Love.cdp
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Since the close analogy between the two of them, this chapter is going to show the only
procedures involved in the standard analysis of one component, focusing on some

features only

www.winMASW.com - geophysical software & services



winMASWe

3C, Professional & Academy Versions

Joint modelling Rayleigh & Love: "B winMASH: moceing

anisotropy Vsh-Vsv

145

ol

(miz) (%)
The window where model parameters can be |*** 2 2
input also displays a column for anisotropy Vs. lyert3 = 2
This parameter determines (supplied in | ... =
percentage values) how bigger is the Vsu (that :
rules the dispersion of the Love waves) than the | Z °
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‘_ cancel J ‘._Ca|CU|M8}

www.winMASW.com - geophysical software & services




146 winMASW®e

H/V Spectral Ratio from body waves

In the 3C, Professional and Academy versions it is possible to compute the H/V spectral
ratio and model it both according to body waves (Herak, 2008) and Surface Waves
(Lunedei & Albarello, 2009).

Click on the third little icon from left on the tool bar to upload the dataset relevant to that
observed ratio H/V (the traditional yellow folder named HV)

The software reads ASCII files and assumes that the first column reports the frequency
and the second the spectral ratio H/V (possible “header” lines to be ignored and can’t
affect the reading/analysis)

In other words the file format is:

line#1 (example of site name)

line#2 (example of frequency sampling)
ﬁHe#n

F(Hz) H/WV

0.1 1.00

0.15 1.05

0.20 1.11

0.25 1.09

30 1.05

Vs profile & eigen period (reference depth: Om)

0 T T T 3
2 Frequency: 6 Hz 7

Period: 0.17 s
4 E 5l
[ 4
3 g L

HVSR

Depth (m)
=

bedrock (estimated)
1t|]0 QIIJU 3(|]0 4(|]0 560 GIIJU ?(IJU SIIJU 9_00 : é 1|0 15 2|0 2‘5 30
Vs (m/s) Frequency (Hz)
On the left the Vs profile of the considered model with site eigen period as from the resonance
equation; on the right the H/V ratio according to Herak (2008): if no relevant velocity inversion
happens, the value determined by the equation and the one determined by the spectral ratio H/V
are typically very close.

If a formerly observed HV is uploaded, and a model for forward modelling is introduced
and its dispersion curves are calculated (having selected the option “eigen period”) both
the theoretical HVSR curve (in blue according to body waves and in magenta according
to Surface Waves) and the observed curve (in green) are displayed.
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= ] 3 E i F :
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@ I } f : : t
= : - i 5 H "
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! 1 i 1
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ohzerved A SRR

.........................................................

F (Hz)

Example of observed and modelled (according to body and
surface waves) HVSR.
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Some notes on the H/V spectral ratio

Regarding the nature of the ratio H/V (i.e. those events determining the value as
observed in nature) the academic debate is quite lively (not only because of
technical-scientific matters but also because of party interests)

Following some of the most agreed upon general concepts:

- The value of the H/V ratio as observed depends on a complex relationship
between surface waves (both Rayleigh and Love) and partly on body waves.
The relative importance of the different components depending on the site
characteristic (see for instance Bonnefoy-Claudet et al., 2008).

- Despite any chosen modelling, don’t ignore the role of quality factors Q (in our
case we assume Qs value to be the same as Vs divided per 10, and Qr=2Qs)

- When adopting different modelling types (i.e. based on only Rayleigh waves,
or on Rayleigh and Love, or body waves or all of them together summed up)
the spectral ratio changes but the main peak (determining the eigen period)
appears at the same frequency, generally speaking.

- From the only H/V value it is impossible to get any information on the Vs
(that’'s why in this case you need to consider the MASW/ReMi values and
compare)

- It isn’t possible as well to directly compare the value of the H/V peak and the
value of the lithologic amplification factor. to get this last we suggest to refer to
the specific relevant regional rules or guidelines.

To recap, if in possession of an experimental H/V value and needing to find a
model considering both the dispersion of the surface waves and the H/V
observed curve, we suggest to focus on chasing the right peak frequency
without trying to find the perfect balance with the amplitude (the H/V value)

Note as well (figure on top) that the H/V values allow to identify possible strong
contrasts of Vs deep underground (remember though that to constrain the Vs
you need MASW/ReMi values that can give clear details about the Vs) and that it
is most important to reproduce the correct frequencies when the peak shows. In
the case on top for instance a strong discontinuity at about 60 cm depth is clear
(it represents an alpine valley covered in a large quantity of fluvio-glacial
sediments)
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Modelling refraction (Pro & Academy) & reflection (Academy)

This section allows the user to model the arrival times of refraction events by means of very

similar procedures to those used in the” modelling of dispersion curves” section.

Before starting consider that:

- The adopted calculation tool allows the insertion of channels with inversion of velocity, a thing
that the traditional refraction method (utilized as only method) can’t evaluate (this refers to the
known problem of low velocity channel). In our case, making the most of all information from the
dispersion curves and refraction we can evaluate inversions of velocity even according to Ve
(remember you can’t get solid information about it from the dispersion of surface waves).

- Consider that in order to get a refraction effect of noteworthy amplitude the acoustic impedance
jump (i.e. the result of Ve multiplied for the density) must be significant

- a Vp decrease according to depth doesn’t result in a refraction event

- the file of the saved or uploaded model has the same format of the one used to model the
dispersion curves.

- If a modelling of the dispersion has preliminarily been executed (and therefore some Vs can be
predicted) Vs as well as Vsv and Vsu will be considered as same when writing the refraction
model (button “save”). In the opposite case in the .mod file, Vs values according to an assumed
Poisson value around 0.35 will be reported.

As an example look below at a “joint modelling”. The same model is considered from a dispersion

curves and first arrivals times point of view.

velocity spectrum
1200 —— =
-Rayleigh Dispersion-
1100 |¥s (mis): 172 274 262 196 534 538; ¥S30: 333
thickness (m): 2.0 2.9 33 45 43
1000 ﬂsnn: 0.38 0.35 0.35 0.36 0.25 0.22
900 |¥p (m/s): 393 567 539 422 919 §93
g G500
3w Dispersion of the first three modes of the
£ 600 .
| | ‘ Rayleigh waves for the model top left
T T
20 »W'—~-'::.._,_L“‘:.;:::::::E:EE-
100
10 20 30 40 a0 B0 70
frequency (Hz)
Vp vertical profile Data & refraction travel times
] . . . . O
400
27 0.05 _’
ol 570 w
01t "-
B 540 01st '
8 L
& & 02}
= 10p i}
= 420 £
2 £ 025)
12}
03t
14}
320 035}
1B}
181 a0 1 04r direct
— refraction
1 1 1 1 1 1 0.45'||\|||||| 1 1
400 500 80D 700 800 900 § 10 15 0 25 3! 3H*
W (mis) offset (m)
In red the arrival times of two refraction events relevant to the 2 only interfaces having a positive
impedance jump; in green the arrival times of a direct wave.
In the Academy version also reflection travel times are shown.
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The AGC value

When the "Refraction" option is active, an AGC (Automatic Gain Control) is applied to the
traces (its value - see value in the box just by the "refl./refl." button - can be clearly
modified).

The value represents the window (in seconds) within which the energy is kept "constant"
by modified the amplitude of the trace (in order to put in evidence low-amplitude signals
usually associated with refraction event).

Here two snapshots obtained using two different values (it is apparent that the second
case allows a clearer identification of the refraction events):

— #1: data uploading & pry g — #2: velocity spectrum, modelling & picking (MASWY, ESAC & ReMi analyses)——  visualize curves —
dataser MASW-classicalRay.say (resampled) WASW: compute velocty spectrum ——— handing the spectra — explore Specium r input curve | (7
sampling: 0.5ms (WRNG: high freguency) [4086] phase velocity | [] -k group velocity ‘ save || upioad | | merge
rinimum offset 3 m mede separation
geophone spacing: 3 m

0 direct & refraction travel times picking —
T T T T T T
: : -Rayleigh Dispersion- ? show -k
090 136 199 150 400 900; VE30: 210
008
01 g
S K z
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=
I 5
g 01s T \\ ¥ cancel picking
£ >
N -
2 ~
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02 e -5 \
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-
T Joint DC-HV inv.
e -
025 frap
03 u]
30 u
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modeliing — ;
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150 |[ 17 | [0.42 2 Ly}
? upioad mod.
resampling data selection —— fitering & spectra— refr. &refl — EsBes| 5y 5 0498 pl ZvF v E
3 : save model -
05 v activate fiter | [cancel refrref. 1 genoral setting 135 |[ 135 |[0.47 | [a3 [] shows DC c
resample select 60 upload save 199 | 199 [ gag 57 ARfEsl) L] show model -
spectrum Rayleish v | % | |phasevel ¥| | yg5p | 15 |[pa7 4 B
accept cancel | [ save Spectrogr fip polarity. |clear T = [ just overisp. "
0| Reference Refraction 400 || 40 5 3 B
900 90 | g2 [1] synthetics.
other tools & setting [ WV (body waves) 0 |[1%0 ][ oz [ . . 3
_ " e [ 015 ) f.galculate i | reportDC
a i fip traces| [test ampitude | |zero padding 0 | HAV modes (SW ellipticity} g ;
r 0.3 | time to visualize [done] [cu ’ T Cleficctve Lrepoitss
— #1:data & pri ing — #2: velocity spectrum, modelling & picking (MASW, ESAC & ReMi visualize curves —
dataset MASW- classicalRay.sgy (resampled) MASW: compute velocity spectrum handling the spectra —- e ’7 input curve | [ 7
sampling: 0.5ms GWRNG: high frequency) [4086] ’7 phase velocity | [] fk aroup veloity ‘ save | | upload | [ merge
minimum offset 3 m mede separation
geophone spacing: 3 m
] direct & refraction travel times picking —
i : I3 E> -Rayicigh Dispersion- ? show &
k) X% l 1150 90 135 199 150 400 900; ¥=30: M0 sekect mod =
0.0s %q—x '! ‘ ‘ ‘! 4 thickness (m): 2.0 2.0 43 57 40 50
A ’] %ﬁ*' Poisson: 0.42 0.50 0.47 0.49 0.47 035 0.28 th
o b n .
o= ) 4'4 — Vp (mis): 4041767 5671421 631 831625 the right button
o1k 2 ] )
= ki 7
- save picking
=
& o
% 045 F 1 g
2 T cancel picking
= =
@
i}
s <) 8 inversion
3 o inversion
¢ i Joint DCHVY inv.
0.5 TN 0 48 ' . x4
a3l f i i d u]
o mn 20 30 40 &0 B0 70 LI
aftset {m) frequency (Hz) ;
g
Vs (mis) Qs Poisson thickness (m) synthetics — %
150 |[ 17 [ [04z 2
7 upload mod
resampiing- dats selection fiitering & spectra— refr. &refl — about Passson | o= —— oo p vF - E
s < save model I
05 v activate fier cancel refrirefl 0.1 general setiing 1135 ][ 135 || 047 43 [ shows oC c
199 | 199 [[049 | [57 ke . =
resample select 80 upload save| [ show model
spectrum Rayleigh v 3 phasevel v 150 15 |[0.47 4 ;
accept cancel | | save 'spectrogr fip polartyl  |clear o = [iustoverisp 2
0| Reference Refraction 400 | €0 5 2 B
200 90 |[p279 )] synthetics.
other tools & setting [ HW (body waves) o (1190 [ 02 [ B
" N s calcuigle | | report DG
fii traces| test ampitude | [zero paddin 0 | HIV modes (SW elipticty) 0 0_I[01s 0 3
’7 0.3 | time to visualize done] [cut p p padding | 5 Rl DJetfecive [ reporiss

www.winMASW.com - geophysical software & services



5. Inversion of picked (i.e. interpreted) dispersion curves



152 winMASW®e

Once you have interpreted the velocity spectrum and picked your dispersion curves, the
next step to obtain the Vs vertical profile is the inversion of the picked curve(s).

Please remember and consider that we suggest to proceed with the forward
modelling procedure by personally modifying the Vs and thickness values of the model
(see the modelling section in the “Velocity spectrum/a, Modelling & Picking” panels).

If you decide to follow the picking + automatic inversion procedure, we give you here few
hints.

Figure 4 shows the main window of single-component inversion panel.

Once curve(s) is/are uploaded, they will show up in the upper part of the panel.

We now need to define the search space. There are two options:
1) its automatic definition (click on the number of layers you wish to consider). In
this case, it is obvious that, based on the site geological characteristics, user
can/should modify the default values.

2) you can start from a model you were previously modelling during the data
processing (see data modelling procedures) [such a model will be optimized based
on your picked curves].

Once the limits of the search space are fixed, you need to fix'modify the parameters of
the genetic inversion to perform (see Table 1).

Now it is time to launch the inversion (click the “run” button).

Two fundamental points to keep in mind. This standard approach to surface wave
analysis has two major problems:

1) You are not inverting the data but your personal data interpretation (which can
be wrong or meaningless);

2) Even in case your interpretation is correct the solution of the analysis of one single
observable (component) is inevitable non-unique [see introductory section of this
manual and recommended procedures based on the joint analysis of Rayleigh +
Love waves + HVSR].

Note on the Poisson’s ratio

Surface-wave dispersion depends mainly on the Vs and thickness of layers. Since
density and Vp play a very minor role (iry to play with different values of Poisson’s ratios
in the direct modelling section), you cannot obtain them from surface-wave analysis.

We need to remember that hard rocks have usually Poisson’s ratios between 0.15 and
0.30, while soft/loose materials (sands, silt and clays) value between 0.35 and 0.4999
(depending on the saturation conditions).

Generally speaking, if no detailed information are at hand, it is recommended to choose
a value of 0.2 for rocks and of 0.35 for loose sediments (0.45 in case of loose saturated
sediments).

A note: when dealing with the energy distribution among different modes

Poisson values (i.e. Vp) play major role! (see the FVS approach to surface-
wave analysis)
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winMASW 4.1 Pro - Dispersion curve inversion
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Figure 4. Starting window of the single-component inversion panel.
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Inversion parameters

Parameter Meaning Recommended value
4-6
Number of layers Number of layers used to rebuild the | Normally 4-5 layers , but 5-6 if
vertical profile a layer with inversion of

velocity is suspected

We would highly recommend
to fix the search space starting
Limits for the thickness and Vs of | from a  starting  model
Search space each layer. previously evaluated and
saved during a forward
modelling session (see also
our video tutorials).

Number of models constituting the
Number of number of people evolving to better
individuals/models solutions. The higher the number of 80
layers, the more numerous the model
to be considered.

Number of generations through
which new models are explored, that 80
get better and better with time

Number of generations

Table 1. Inversion parameters.

Max allowed Vs anisotropy (in case of joint Rayleigh + Love inversion)

In case of joint inversion Rayleigh + Love you can let the algorithm free
considering

Vsh (from Love) different from Vsv (from Rayleigh) (the number we herewith
consider is the possible percentage difference between these 2 parameters).

This may allow to mark some anisotropies up (see for instance Safani et al., 2005)
or, easier, (for less expert users) to consider a sort of tolerance in the
optimization/inversion process.

Possible anisotropies only have a value according to the user's experience.
Therefore consider them in this view.

Expand the search space
By activating this option, the software is allowed to search for solutions (models)

outside the search space (min and max values for Vs and thickness) originally
defined/set by the user.

Ve and density optimization

If you activate such an option the software will also consider the optimization of the
Poisson’s ratios so to better match the experimental data.
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Bi-objective space (in case of joint inversion procedures)

If this option is active, a “full complete” joint inversion is processed.

This means that during the optimization process each model misfit is calculated (both for
Rayleigh and Love). In the opposite case optimizations come separately.

This option slows calculation times a bit, but allows the expert user to check the distribution
of models in the so called bi-objective space (refer to relevant literature on how to proceed)
(Dal Moro & Pipan, 2007, Dal Moro, 2008; Dal Moro, 2009).

Once launched the inversion, a state bar will show both the elapsed and the remaining time:

30% Avanzamento Inversione & ﬂ
Fer interrompere cliccare la "<
— i

Tempo trascorso: 00012

Tempo stimato ritvanente:  0:00:28

A Warning

Remember that if you choose to follow the picking-inversion approach,
the results will depend NOT on the data but on YOUR PERSONAL

INTERPRETAION of the data.

The software inverts YOUR picking (i.e. your personal interpretation of
the data) and NOT the data.

If you pick an erroneous/inaccurate/meaningless dispersion curve, you
will necessarily obtain a meaningless Vs profile.

This is why we recommend to jointly model three observables:

Rayleigh and Love waves (possibly according to the FVS approach) +
HVSR curve (see our video tutorials).

It is extremely important to attend one of our workshops (and you can
organize one in your area) and/or studying our papers and books.
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Results are supplied both graphically and as text files (.txt and .html format, see table 2) and are
automatically saved in the folder “output” (or any other file as chosen by the user).

Every time the user launches the inversion process all the files in the output folder are deleted.
Therefore, if you keep your results in the folder “output”, save the inversion files in another one
(named as wished).

You'll notice two models: the “best” model (in terms of lower misfit, i.e the discrepancy between
the observed and the calculated curve) and a medium model calculated by means of MPPD
(Marginal Posterior Probability Density, see ref. “Rayleigh Wave Dispersion Curve Inversion via
Genetic Algorithms and Posterior Probability Density Evaluation” — Dal Moro et al., 2006).
Consider this as your final result (however the two models don'’t differ significantly). The final
screenshot (figure 7) displays different information. Top left the observed data, the curve of the
best model and the medium one-often the two curves are one over the other therefore not clear.
Below you can see the graphic “misfit-generation” that provides the evidence of the improvement
of the model according to advancing generations. On the right, the Vs profile according to velocity.

Quality of the inversion process

Two main facts determine the quality of the inversion process:

1. picking a meaningful dispersion curve (if your picking is wrong, the inversion
will also be necessarily meaningless!);

2. properly setting up the inversion (numbers of layers, Vs variability range and
thicknesses, number of models and generations).

Maximum penetration depth

This value is the outcome of the relationship between velocity and the frequencies
represented in the dispersion curve. Always deeper layers influence as a matter of
fact always lower frequencies (wider wave lengths) so that the lowest frequency
will determine the higher depth of penetration. This value is determined by the
approximation A/2.5 (or A/2), therefore it only is indicative.

Example:

If for your dispersion curve the value of the phase velocity (Vr) corresponding to
the lower frequency is 500m/s and the frequency is 6Hz, the max wave length will
be 83 mt and, consequently, the max depth of penetration will be between
35and40 mt.
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Figure 7. Final screenshot (automatically saved in the “output” folder). If you get in
the section “inversion of the dispersion curves” after the analysis of the dataset in the
section “determination of the velocity spectrum” you’ll get a plot similar to the one on
top (case a), In this case you can associate a curve to the relevant spectrum. If you
instead get in the section “Inversion of the dispersion curves” directly from the main
winMASW screenshot, uploading a formerly picked curve, that won’t be possible, and
you'll get a plot like the one below (case b) (there is no velocity spectrum on the
background of the dispersion curve).

The representation reported on top is definitely to prefer.
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Figure 8. Example of final result: mean and best
models (in green the adopted search space).

In Figure 9 you can see two examples of inversion obtained on a synthetic 6 layers model. Left,
the result of the inversion when using 6 layers, right the result when using 10.

depth (m)
depth (m)

20—

0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500
Vs (m/s) Vs (m/s)
| — Miglior modello‘ |-- Modello medio‘ | + = Modello reale‘

Figure 9. Example of results for a synthetic model. For the inversion on the left 6 layers were used,
for the one on the right 10 (in pale grey the search space)
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Love waves are generated by a shear-wave source (a standard sledgehammer over a
wooden beam or similar solutions).

Unlike Rayleigh waves, Love waves only respond to Vs, thickness and density of the
strata (and, of course, to the quality factors Qs): Ve values do not appear in the constitute
equations.

It is clear that the joint acquisition and processing of both Rayleigh and Love
waves is of paramount value since it significantly help in understanding the
velocity spectra and in better containing the inversion process, thus leading to a
more robust Vs profile (Dal Moro and Ferigo, 2011; Dal Moro et al., 2015; Dal Moro,
2019; 2020; 2023).

Why analyzing Love waves: reason#1

There are two reasons why you should include Love waves in your analyses. As
already pointed out in Safani et al. (2005), messy higher modes often are less
prominent and velocity spectra are usually far better defined compared to the ones
obtained for Rayleigh waves.

Note that Love-wave dispersion depends on the horizontal component of the shear-
wave velocities (VsH) while Rayleigh waves on its vertical component (Vsv).
Therefore, if you can accomplish a good joint analysis of both, you’ll be able to
obtain some information about the seismic anisotropy related to the stratifications
and/or joints and fractures (see again Safani et al., 2005 and Gaherty, 2004).

Please, carefully read at least Dal Moro and Ferigo (2011), Dal Moro et al.
(2015), Dal Moro (2019; 2020; 2023) and the Elsevier and Springer books.

Why analyzing Love waves: reason#2

Love waves are extremely useful also in case a stiff shallow layer is present since, in that
case, the shear-wave velocities of the deeper layers are immediately evident already at
the very high frequencies and the peculiar mode excitation immediately reveals the
presence of such a shallow inversion.

Please carefully read the following (open access) paper:
Dal Moro, G., 2020. The magnifying effect of a thin shallow stiff layer on Love waves
as revealed by multi-component analysis of surface waves.

Scientific Reports 10, 9071, https://www.nature.com/articles/s41598-020-66070-1
(also available the presented dataset)
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Love (upper panel) and Rayleigh-wave (lower) phase velocity spectra for a test site.
Which one is more “understandable”? How can you be sure that your
understanding/picking is correct when the velocity spectra of the Rayleigh waves
are so often very messy? Go for Love waves!

For many more examples see our Elsevier and Springer books and our papers
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From Safani et al. 2005: “Applications of Love Wave Dispersion for Improved Shear-
wave Velocity Imaging” - https://doi.org/10.2113/JEEG10.2.135
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|2,

Producing Love waves in a classical way. It is sometimes useful
to tilt a bit the trigger geophone in order to better "feel"” the shot.
In the photo below an alternative way to obtain the same thing:
the plate is simply put in a small (shallow) hole.

The model (file model.mod) in case of Love-wave analysis

In the case you analyze the dispersion of Love waves no information about
compression waves (Vp) can be obtained (their dispersion depends just on Vs,

thickness and density).
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In the Academy version, winMASW® also generates synthetic seismograms computed via modal
summation.

Quite clearly to properly use these tools it is necessary to be familiar with several aspects related
to seismics (also including signal processing) (this is why the tools are available only for the
Academy version).

Modelling: main points

Minimum and maximum frequencies considered while generating synthetics are the same of
the currently-considered velocity spectrum (“phase velocity” button in the “MASW: compute
velocity spectrum” group)

The adopted number of modes is the same as the number indicated in the “general setting’
sub-group (see “modelling” group —by default 3 modes are considered).

Source: while analyzing Rayleigh Waves we consider a Vertical Force (VF) (user can choose
whether to consider the vertical component ZVF or the radial one, RVF — see Herrmann’s
terminology). While analyzing Love wave we are dealing with a shear source (perpendicular to
the array —THF, Transversal Horizontal Force).

The computed synthetic dataset is automatically saved ion the working folder as SEGY file (the
name also reports the fact whether the file refers to Rayleigh or Love waves - synthRayleigh.sgy
and/or synthLove.sgy).

While considering the visco-elastic case (thus the “elastic” check box is inactive) for the modelling
we will assume Qs=Vs/5 (and Qp=2Qs) as simple rule of thumb. For further information see also
next chapter on velocity spectra inversion.
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=QpP=10000 (see following plots):

Otherwise it is assumed that Qs
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Example: Rayleigh + Love
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Rayleigh: on the left the field data, on the right the synthetics.
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Love: on the left the field data, on the right the synthetics.
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Poisson and energy distribution

Vp are surely not very important in determining the dispersion curves but have a profound effect
on the energy distribution among different modes. That means that modifying the Poisson values
(i.e. Vp) you will modify the energy distribution among different modes. Down here an example:
on the left a real dataset; on the left and in the central panels two synthetic models with the same
Vs—thicknesses but different Ve values. Notice the different energy distribution (quite often higher
Poisson values determine more energetic higher modes).

Uploaded Dataset (Rayleigh analyses) Synthetic igh analyses - ZVF Synthetic traces (Rayleigh analyses - ZVF component)
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- |
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_04f : | '3 | _ 0.4f | _ 04f —| ] —
C) C) fol I
2 | q 2 £ |
= 06 e B! = 06 —| = 06 — | —
| | |
08~ —| | I+ — 08 — 08 —| 1 —
| | |
| | | | |
5 10 15 20 25 3 8 40 45 50 55 5 10 15 20 25 3 3 40 45 50 55 5 10 15 20 25 30 35 40 45 50 55
offset (m) offset (m) offset (m)
Uploaded Dataset: Velocity Spectrum Synthetic Dataset: Velocity Spectrum Synthetic Dataset: Velocity Spectrum
500
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If while computing synthetic seismograms the "just overlap" option is selected, what you get is a
plot where the contour lines of velocity spectrum of the synthetic seismograms is overlapped with
the velocity spectrum of the field dataset (background colors).

Down here an example from the "joint phase and group velocity analysis" panel: please notice
how the blue contour lines of the synthetic model reproduce quite well the actual field data
(colored velocity spectra in the background - this clearly means that our tentative model is good).
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oftset (m) frequency (Hz) &7+ |[ a7 || 03 | 18
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As a matter of facts, this approach is similar (and for some reasons even better) than the
"effective dispersion curve" approach (e.g. Tokimatsu et al., 1992).
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ZVF, RVF, ZEX, REX or THF?

In the terminology adopted by Prof. Herrmann, VF stands for “Vertical Force”, HF for
“Horizontal Force”, while EX for “Explosive”. These letters clearly refer to the kind of source.
About the receivers, these can be vertical (“Z”) horizontal radial (“R”) or horizontal transversal
(“T”). As a consequence synthetic seismograms can relate to different acquisitions:

ZVF: Vertical Force (e.g. vertical sledgehammer) and vertical geophones (for Rayleigh waves)
RVF: Vertical Force (e.g. vertical sledgehammer) and radial geophones (for Rayleigh waves)
ZEX: Explosive source and vertical geophones (for Rayleigh waves)

REX: Explosive source and horizontal (radial) geophones (for Rayleigh waves)

THF: Horizontal Force (shear-wave source) and horizontal (transverse) geophones (for Love
waves)

See also our “guidelines” for a good data acquisition in the “Documents” folder (within the
winMASW installation folder).

Down here the same models reported in the “Poisson and the Energy Distribution” box
(different Poisson values) but, in this case, for the radial component. Please notice the different
energy content for the different modes. As this dataset was acquired using vertical geophones
the correct comparison must be done with the synthetics datasets reported in the previous box
related to the ZVF component — see the very good agreement between the field dataset (on
the left on the “Poisson and Energy distribution” box) and the central model characterized by
high Poisson values).

Synthetic traces (Rayleigh analyses - RVF component)
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Vp (m/s):409 765 421 858 1682

Vsv (m/s): 152 150 127 335 971;Vs30: 250
thickness (m):29 3.0 6.8 4.8
Poisson: 0.30 0.30 0.30 0.30 0.20
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FVS analyses: record length and number of samples of the synthetic
seismographs

When carrying out FVS analyses (both as forward modelling as well as in the automatic
inversion), it is important to minimize the length of the recording and clean the data with
the data selection and cutting tools. Considering just the portion of the data in which there
is the signal we are interested in allows for improved quality of the created synthetic
seismograms (and thus the velocity spectra computed from them for the FVS analysis).
The "cut" button is used to reduce the recording time (which, during acquisition, may have
been set too long).

Let us see an illustrative example

Here below a dataset recorded with an obviously-unnecessarily large record time (2 s)
and sampling rate (0.125 ms) (note how the software warns you about the unnecessarily
high sampling both with an audio message and with the red color of the button to use in
order to halve the sampling — lower left “accept” button).

Below the FVS forward modelling considering 512 samples (default value of the popup
window in the “FVS group” at the bottom right). You can see a small “problem” around 32 Hz.

nnnnn
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There are now two possibilities (one ‘illogical', the other sensible).

The first (illogical): we increase the number of samples of the synthetic seismograms to
1024. In this case we obtain (with an increased computational load) the following
modelling:

actiye tara: compute velacsy spectrum. o e
ctlye sata; compute veloey spec handiing the spectra

wead | e

Now the small problem previously highlighted has disappeared (but at the cost of an
increased computational load).

Second option (the sensible one): we reduce the time of the data to 0.33 seconds [cut
button] and take the opportunity to clean up the data with the “data selection” tools. We
obtain the following.

nnnnnnnnnn
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We now re-fix to 512 the number of samples used for the computation of the synthetic
traces and re-compute the phase velocity spectrum of the model (FVS button in the
bottom right). We obtain the following:

2200
2000

E
9]
U
3
W
7
E
c
3
3
3
3

It is clear that the correct (logical) way of doing things is the latter.

These same considerations also apply in the case of automatic FVS inversion (i.e. in
case you want to upload a saved velocity spectrum in the “single-observable inversion”
panel and go for an automatic inversion): the data must be previously reduced to the
minimum necessary length (in this case about 0.33 s) and after such a elementary
operation you can then compute the velocity spectrum/a to be saved and (automatically)
inverted.

When does it make sense to increase (during the forward modelling or the automatic
inversion) the number of samples? When we are dealing with very large offsets and/or
very low velocities and/or very high frequencies (remember that for common geological
applications frequencies above about 50 Hz rarely make sense). In those cases, the
recording time may be very high and the number of samples required higher than the
default 512 value.

These considerations apply both in the case of phase and group velocities.

Therefore, in the case we need to deal with very long time series and/or extremely high
frequencies (i.e. sampling) motivated by real needs (we recommend to carefully consider
the meaning and practical consequences of the Shannon-Nyquist theorem), it is
advisable to increase the number of points/samples used to compute the synthetic
seismograms (possible values are 512, 1024, 2048 and 4096). Clearly, the greater the
number of samples used, the heavier the computational time (which is why it is good to
understand what is really needed).
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This method is meant to invert velocity spectra and not (as in the standard approach) the (picked)
dispersion curves (see e.g. O’'Neill et al., 2003; Dal Moro et al., 2015).

That means that no picking must be performer by the user. To invert a velocity spectrum it is
necessary to input (“input file” button) a previously saved velocity spectrum.

B winMASW - Dispersion-Curve or Velocity-Spectrum (FVS) Inversion
EIREY-IVIE] z
e ; " PS1-60FVS

dispersion curve or velocity spectrum analysis

input file Rayleigh >

2000

phase vel. i

1500

FVS inversion: half the number of traces (during the first step)

inline positions (m):

1000

velocity (m/s)

number of layers & constrains
option#1 option#2 (recommended) 500

2 number of layers [Jsmall$8 | reference model

10 15 20 25 30 35 40 45 50 55

expand search space ?

frequency (Hz)
inversion (genetic) menu
116 | individualsimodels (min 8 - max 7000) ? preliminary Vs profile and search space
44 generations (min 8 - max 400) 2 0 I
Vp & density optimization
5h
FVS & effective dispersion curve inversion I
ZVF (Ray: vert. source & vert. geoph.) v 10F
15 kfactor 512 v é
& L
8 number of modes a 15
variability (%) for 3
30 | Qsand Poisson values
20
outputting
? output folder 25
30 max depth to plot (m)
RUN
3 S
400 600 800 1000 1200 1400 1600

WWwW.Winmasw.com Vg (m/s)

After that, similarly to the standard approach (the inversion of picked dispersion curves) user must
set a geologically meaningful search space.

Some relevant points (see also the "synthetic seismograms' Chapter):

1. The method is based on the generation of synthetic seismograms via Modal Summation (see
"Synthetic seismograms" Chapter).

2. Computational times are necessarily quite heavy. It is then suggested a high-performance PC
(e.g. a 8-core (or more) workstation). It is also highly recommended to start (option#2) from a
model previously-identified (and saved) via forward modelling
Reduce “individuals/models” and “generations” (“number of layers & constrains” group) to 40
and 40, respectively.

3. It is essentials to consider (i.e. save and upload) a velocity spectrum which contains only
information/signals related to surface waves. As a consequence:

- before computing (and saving) the velocity spectrum, clean carefully your data (e.g. by
removing refraction events) and, by removing useless data and re-sampling the traces, try
to obtain a dataset with 512 samples

- fix velocity and frequency limits within which signals are related to surface waves (thus
avoid too high — or too low - frequencies and velocities).

A correct determination of the velocity spectrum is clearly vital for a meaningful inversion.
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An example O T T SR A TR T

Raw data

24 traces; dt=0.125ms (incidentally too much - 1 msec is
absolutely sufficient);

acquisition length: 2.024 seconds;

number of samples 16384

reduce dtto 1 ms and keep the data only down to about 1.2 s

Data optimized for the FVS inversion:
cut the data ("DONE" and "CUT" buttons) and re-sample ("RE-SAMPLE" button)
[dt=2ms, acquisition time kept: 1.14 seconds; number of samples 571]

O@vsi<lt @ n L R E 2 T Ee @i Ble &ol (= a4
— #1:data uploading & — #2: velocity spectrum, modelling & picking (MASW, ESAC & ReMi analyses)
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Furthermore, let's remove the first 2 traces (scissor button in the toolbar). This way we avoid
"near-source effects" also reducing the computational load:

Olwvst @ nv X KLY [t @ S Be ooy = A
— #1: data uploading & i — #2: velocity spectrum, modelling & picking (MASWY, ESAC & ReMi analyses)
datasst MASW-classicalRay.say — MASW. compute velocty spectium ————— ———— handing the spectra — [
sampling: 2ms [571] ‘F ohase velogity § [T -k [ group velocity | ‘ | [Csave ] [upioad ] [‘merge ] ‘
minifmum offset § m [mode separation |
geophone spacing: 3m
normalized traces
0 T 600
550
=3 _ i
=
02 == E gm0
£
i ase= 0 e
B &£
D4 e Eum
i =
o) e S 30
206 A = z .. T
= =
2 am
s
2 20
08 o
2m
150
1
100 |-
H i ; i I
10 0 30 40 50 B0 70 0 5
offset () frequency (Hz)

4. Even if it is not necessary to pick any dispersion curves, it is anyway necessary to perfectly
understand the procedures and all the relevant points (e.g. be careful when higher modes are
heavily dominating the dataset).

5.

6. Poisson moduli are essential in determining the energy distribution among different modes
(see the box “Poisson and the Energy Distribution”). We therefore recommend to fix their values
(while setting the search space) according to realistic consideration (consider the presence of
water etc.).

8. As we are dealing with attenuation as well, it must fixed a K factor (Qs=Vs/k) (see also next
box). If you are not an expert please avoid this approach (or ask for our help).
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Example of (small!) "disagreement” between the velocity spectrum got from a synthetic
dataset computed considered also the attenuation and the modal dispersion curves

computed to the simple elastic case.

Traces (ZVF)
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Please notice how — especially in the 12-22 Hz frequency range — the dispersion curve
computed considered the elastic case is slightly “slower” than the spectrum computed
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considering synthetic seismic traces calculated considering attenuation as well.
Also notice that the signal between 8 and 10Hz is related to the first higher mode.
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Inversion is finally launch by clicking the “RUN” button (as usual user can set the output folder).
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phase velocity (m/s)
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Results

At the end of the inversion procedure the following plots will be shown:

Best (identified) model (velocities and quality factors Q)
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Summary plots:

upper left panel the observed velocity spectrum

lower left panel the misfit evolution
on the right the final retrieved models over the search space
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A number of case studies solved via FVS are available from our web
site as well as in several papers and in the "Surface Wave Analysis
for Near Surface Applications" book (Elsevier)
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SURFACE WAVE ANALYSIS
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APPLICATIONS
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Full Velocity Spectrum (FVS) analysis: two examples

Background colors report the velocity spectra of the field data while black contour lines

(overlaying over them) are the velocity spectra of the synthetic data (the identified model).

Please notice the very good match between experimental and synthetic data.
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Further example of FVS analysis (in this case the THF component - Love waves)
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As also theory indicates, here an example where a shallow "stiff layer" (in other words a deeper low Vs
layer) "excites" Love-wave higher modes.

In general terms: if Love waves show a great evidence of higher modes, it means that there should be
a significant low Vs layer (Rayleigh waves are by far more complex and you can have dominant higher
modes even if no decrease in Vs is actually present - see papers in the Reference list).
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9. Few basic recommendations about automatic inversion
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Before trying to give your interpretation of the velocity spectra, you should get familiar
with the general concepts regarding seismic data acquisition and analysis. Carefully
check your seismic data and remember the well-known GIGO acronym: Garbage In,
Garbage Out. If your theoretical background is not sufficient, your data and analyses risk
to be meaningless.

The inversion procedures implemented in winMASW® are based on a series of optimized
genetic algorithms. This kind of approach allows to obtain better results compared to the
traditional inversion approach based on the Jacobian Matrix.

While inverting your data (or data interpretations) you can start from a saved model
(.mod) you have identified while trying to model the data.

If you use this approach (option#2 in the inversion panel), such a model is the starting
point for the optimization procedure aimed at finding the model that better fit the picked
curve(s).

Recommendation#1: number of models and number of generations

In general, these 2 parameters should be proportional to the number of considered layers
and the amplitude of the search space.

In a common case of single-component inversion using 7-8 layers, 80 & 80 can be
reasonable values

Recommendation#2: search space

The search space has to be fixed on the basis of known geological information. If little or
no information are available, a wider search space is needed, together with a high
number of models/individuals and generations.

If you activate the option “expand search space”, the software will seek for solution also
outside the search space fixed by the user.

Recommendation#3: get acquaintance with the methods and their limits

Upload a dataset and calculate its velocity spectrum. Try to reproduce the observed data
introducing models in the section direct modelling. Modify a parameter at once and note
how curves change.

What happens if you increase the depth of a fast layer? What happens when inserting a
velocity inversion in depth? What is the ratio between the Vs layer, its depth and phase
velocity of the wave observed on surface?

These kind of trials and exercises (see the direct modelling) are very helpful to get
confident with the methods.

Recommendation#4: number of layers to use

We suggest to use at least 7-8 layers. It is not recommended to use less than 5, even
when you suppose that we are dealing with a simple stratigraphy.
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If at site both dataset have been registered (using therefore the vertical geophones with
the shared vertical source to obtain data re the Rayleigh waves and the horizontal
geophones with shear wave source to obtain data re the Love waves), it is now possible
to jointly invert them (at the same time) in order to have a more solid model and to
highlight possible wrong interpretations through the evaluation of the relationship
between both components misfits.

Upload the dispersion curves (both Rayleigh and Love) already picked in it, as previously
done with the single dispersion curves and proceed as usual.

Together with the output we already are confident with, among the most relevant we’ll
also get (if activating the option “bi-objective space”) a relevant graph to the values of the
2 considered misfit (both Rayleigh and Love).

If the picking was done correctly like the inversion, the result in the figure should be quite
linear converging to the point [0, 0].

If instead one of the curves (or both) was misinterpreted (picked) or if the number of
layers and the search space is not adequate, the result will be quite irregular (the more
irregular the more mistakes you made).

The Vs anisotropy is computed as it follows (percentage values):

n= (VSH _VSV) 100

SH

Notice that the percentage of anisotropy can also be considered as a tolerance as to
wrong values in dispersion curves picking. This means that imprecise picking values can
be kept under control by means of introducing a difference between the Vsv (relevant to
the dispersion of the Rayleigh waves) and the Vsu (relevant to the dispersion of the
Rayleigh waves).

Needless to say that the correct assessment of the anisotropy requires specific
expertise.
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Distribution of models in the bi-objective space and Pareto front symmetry
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Model distribution in case of consistency between the two objectives: the front if pointy and
the symmetry of the Pareto front models with respect to the rest of the models is quite
high.

T T | | T T T
N : Z‘ . : :
3|:||:|_.§ ........... . FETI .......... L _
. I : : :
: 3 " : +-' ’ :
25|:|_.§ .......... SRR AL .......... .......... -
: : : : . . .
200 ..... ..... , .......... ........... .
-
= .
150k gg®ty o T LA i
100 244 R .......... .......... .......... o
0L S sy . e .......... SRR -
] i ! i i I i
0 20 40 B0 a0 100 120
ohj#

Model distribution in case of some inconsistency between the two objectives: the front if
quite large and the symmetry relatively modest.
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Symmetry Index (Sl)
Pareto Front Symmetry
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While performing a joint inversion (e.g. Rayleigh + Love or Surface Waves + HVSR), one
of the final plots reports the evacuate models in the bi-objective space also indicating a
quantitative value (Sl) ex pressing the symmetry of the Pareto front models with respect to
the universe of the models (1 means perfect symmetry, 0 completely asymmetric).

Quite clearly a simple visual evaluation is more than sufficient and user should not stick to
much to Sl. Incidentally the symmetry is not the unique parameter to consider to evaluate
the overall congruency of the performer inversion process.

For more information about Pareto symmetry:

Dal Moro G. and Ferigo F., 2011, Joint Inversion of Rayleigh and Love Wave Dispersion
Curves for Near-Surface Studies: Criteria and Improvements, J. Appl. Geophysics, 75,
573-589

Dal Moro G., 2011. Some Aspect about Surface Wave and HVSR Analyses: a Short
Overview and a Case Study, BGTA (Bollettino di Geofisica Teorica e Applicata), invited
paper, 52, 241-259

Dal Moro G., 2010. Insights on Surface Wave Dispersion and HVSR: Joint Analysis via
Pareto Optimality, J. Appl. Geophysics, 72, 29-140

Dal Moro G., 2008, Vs and Vp Vertical Profiling via Joint Inversion of Rayleigh Waves and
Refraction Travel Times by means of Bi-Objective Evolutionary Algorithm, J. Appl.
Geophysics, 66, 15-24

Dal Moro G. and Pipan M., 2007, Joint Inversion of Surface Wave Dispersion Curves and
Reflection Travel Times via Multi-Objective Evolutionary Algorithms, J. Appl.
Geophysics, 61, 56-81
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Leaving theoretical details and underlying that the best way to improve your knowledge is
attending to one of our workshops, it is anyway useful to remember that seismic waves
decrease in amplitude while propagating, for two reasons:

1. because energy distributes on an always wider area (this reduces energy, therefore
amplitude)

2. because of complex energy absorption/conversion, depending on the soil they're
passing through

The first aspect is called “geometric component”, while with the second we refer to the Q
quality factors describing the viscose quality of a mean (high Q values represent a good
elastic mean that doesn’t absorb seismic energy that much).

The traditional method to analyze seismic attenuation develops in 3 phases:
a. determination of the soil elastic method ( Vs, Ve, density and thickness)
b. determination of the attenuation curve (attenuation coefficient depending on the
frequency)
c. inversion or modelling of the attenuation curve or modelling of the observed
attenuation curve, once fixed (see point a) the elastic part (i.e. the soil model Vs, Ve,
density and thickness).

From a practical point of view first proceed with the analysis of the dispersion curve of the
Rayleigh waves (that is the procedure used to determine the vertical model Vs to
estimate the Vs30).

The result will be the model (file.mod) from where you can start to model/invert the
attenuation curve.

Remember the analysis of the Rayleigh waves gives a good esteem of the Vs, thickness
and density but the Vp value can be estimated only in an approximate way (on the basis
of the Poisson’s value chosen by the user and modified by optimization algorithm).

In the case detailed information about Ve values are available (for example from
refraction studies or borehole data), it is possible to modify the values in the file .mod
(that is a common file ASCII).

You can access the section about the analysis of the attenuation both from the main
panel of winMASW and from the section “determining the Spectrum”.

Here, after uploading the dataset you need to analyze (and in case displaying the velocity
spectrum to have a view on the present mode) you’ll analyze (button “calculate curve”)
the attenuation curve in the proper frequency interval.

Then upload the previously determined soil model that represents the elastic part (files
.mod). Now we could model or invert the observed attenuation curve (expression of the
viscose part).

Since even in the case of attenuation same considerations are valid like those for the
dispersion curves we always suggest to joint model (Rayleigh+Love+HVSR) instead of
inverting a picked curve.

Once you identify a model whose attenuation curve is close enough to the observed one

the analysis ends and can give the model of quality factors Q (see further how and where
to save the result).
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Some general notes

- during the modelling or inversion procedures the only variables are the Q values, not the
layers thickness. These last are in fact fixed by the model .mod we uploaded (after we
determined it through the analysis of the dispersion curves). This makes the modelling
of the dispersion curve easier than the analysis of the inversion curves (for which we
had to play both with the Vs and the thicknesses)

- it is very important to highlight that the attenuation curves, in order to be sufficiently
detailed, should refer to the fundamental mode of the Rayleigh waves

- if your dataset shows different modes (at same frequencies) you should avoid the
analysis of the attenuation (see box dedicated to the section “verbose”)

-how to read the attenuation curves: the rule is traditionally the same valid for the
dispersion curves: high frequencies refer to the near surface part, while the low ones
refer to the deepest part.

GEOMETRIC CORRECTIONS

When this option is selected, some geometric correction takes place before the analysis of
the attenuation.

For those analyzing data got at site this selection has to stay selected (this can be avoided
only in case of the elaboration of specific datasets already resulting from detailed
academic studies)

SPECTRAL RATIO (SR) AND MATCHING

The software proposes two attenuation curves: one is achieved through the “Spectral
Ratio” (SR) method (the average value is shown considering different couples of traces),
the other through the “Matching” method (amplitude versus offset-see window with 6 plots
generated by the option “verbose”-see Tonn, 1991) (the obtained values are by the way
similar).

In the case you go on with the inversion of the attenuation curve, take as reference the
resulting curve from the Matching method.
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Suitable Dataset to attenuation analysis

— primo passgo: input dei dati

winMASW®e

input file

MASYO0T . DAT
a
0z
=04
i
f=3
=
E0EG
o
0.s
1 ) ) A
7 10 15 20 25 30
offset (m)

ruata le tracce 1
| St ot s |

salva schermata
ahout winbd LS

wwwaliosoft.it

winMASW

velocita (mfsec)

1000

200

800

700

600

500

400

300

200

passo: determi dello gpettro di velocita

calcolo spettro divelocitd

spettro di velocita

30
FiHz)

1 2|

40 a0 B0

— picking — modellazione diretta -

parametri

_?J

Jmodo fondamertale

zelezionare [utimo punta del moda
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i

inversiong I

fing I

One only mode is visible (and very clear), the fundamental mode

— primo pagso: input dei dati

m e
g Spessore
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1% strata 150 0g
2° strato 270 | 12
3 strato 330 | ss
Semispazio (=101

numero di modi da visualzzare

&

primi 2 modi

anntlla

calcola ‘

ruota le tracce

wwwaliosoft.it

salva schermata
about winhl A S ]

winMASW

welocita di fase [misec)

passo: determi dello spettro di velocita

calcolo spetiro divelocita

spettro di velocita

— picking

— modellazione diretta

parametri
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inwversione

|Se|ezi0na mado

=
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utilizzando il tasto destro
e

salva picking

?_1

fing

To be considered only up to 28 Hz (after that value the first superior mode shows).
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“Test amplitude” button

The button “test amplitude” opens a window with reported seismic data and the graphic of
the amplitude logarithm compared to the offset for both the two indicated frequencies in
fields “Min & max frequencies” on panel “Step#2: calculate attenuation curve”.
Depending on the “geometric correction” being active (on) or inactive (off), two different
windows will display.

Geometric corrections on

Starting from the corner top left and following clockwise you can read: seismic traces in
their original recording amplitude, corrected seismic traces, thanks to the geometric
correction (therefore on the basis of offsets given when uploading the data), chart of the
amplitude logarithm compared to the offset (in this case the graphics refer to corrected
data in its geometric component).

winMASW 4.0 Pro: Testing Data for Rayleigh-Wave Attenuation Analysis (see winMASW manual) o
Original data (no corrections) Geometrically-corrected Data
0 o 7
3 1 ==z
0.5 1 05
- e
o § 2 1
E £
15 E 45
a2l . 2l L
0 10 20 30 40 50 ] 10 20 30 40 50
offset (m) offset (m)
Frequency (Hz): 11 Frequency (Hz): 48
6 10
X M g
T 5 = o
s % z o e
= o o o 4
o 00 y j
3 o o 0 5 ry
L L L L L i L L < L L L L i L L L L L
5 10 15 20 25 30 35 40 45 5 10 15 20 25 30 35 40 45
offset (m} offset (m)

Example of dataset acquired keeping the same gain for all the channels (amplitude falls according with the offset),
therefore theoretically suitable to analyze the attenuation. Notice however some amplitude “changes”(jumps)
(compare for instance amplitude of the traces at offset 26 and 30) that can be due to various problems (i.e. to a bad
coupling geophone-soil, or the use of different quality geophones

B winMASW 4,0 Pro: Testing Data for Rayleigh-Wave Attenuation Analysis (see winMASW manual) =)
Onginal data (no cormrections) Geometrically-corrected Data
0 0 Ty
0.2 02
& 04 = 04
@ @
E 05 £ os
0.8 0.8
Tk L . L . L E TE. L . L . L
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
offset (m) offset (m)
Frequency (Hz): 11 Frequency (Hz): 48
-3 4 p—
& Qo -
o0 Cpogoofu oo
0o 2 o0 B o
3 -4 o = o2
= 00 4 o® 2 25—+
= - Q= e -
o o
SS9 Oo o © o s 3
= o £
8 < 3.5
5 10 15 20 25 30 35 5 10 15 20 25 30 35
offset (m) offsat (m)

Example of dataset acquired using different gains for each channel (trace), therefore unsuitable to analyze the
attenuation of the seismic data (notice how the amplitude doesn't fall according with the offset, because the distant
channels have higher gain than the near ones).
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Geometric corrections off

winMASW®e

In the case the geometric correction is off (“no geometric corrections”) a window with
three graphics will show: the amplitude —offset one refers to the data not corrected by
geometric component.

winMASW 4.0 Pro: Testing Data for Rayleigh-Wave Attenuation Analysis (see winMASW manual) ﬂ&]
Onginal data (no corrections) Frequency (Hz): 5 Fraquency (Hz): 65
28 T T T T T T
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| 251
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o 1 B 24r =
= £ 5 £
2 b= < =
- o (o) =
23r o
22-
21r
7 o
] 2 . . . , . . . .
20 30 40 50 60 70 20 30 40 50 60 20 30 40 50 60
offset (m) offset {m) offset (m)
"B winMASW 4.0 Pro: Testing Data for Rayleigh-Wave Attenuation Analysis {see winMASW manual) =B
Original data (no corrections) Frequency (Hz): 11 Frequency (Hz): 48
. ! T s - 28F T T T
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o | a0 Py ol -
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= 0 F 2 34p, Qg0 1
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2 TE 2 450/ 5 o 4
£ E e o 2
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06 4 @ e o 36 a O
o]
o7l ] 651 o
o 38 &
08| q
Tr o]
08¢ - i
R L B L L L L L L
0 10 20 30 10 20 30 10 20 30
offset {m) offset (m) offset (m)

Example of dataset obtained with different gains for each channel (trace) and therefore not suitable to analyze the
attenuation of the seismic data (notice how amplitude does not fall with the offset).

To clarify the meaning of these graphics refer to the box about the acquisition of data

for the analysis of the attenuation In Appendix A.
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The “verbose” button

When calculating the attenuation curves (button “calculate curve”) if you click on “verbose”
you'll get three windows:

The first window shows the dataset with highlighted the first and the last considered traces
for the analysis of the attenuation.

The reason for this option is (such traces need to be defined in the main window of both
“Reference trace” and “Maximum considered trace” fields) that for some acquisitions the
effects due to proximity of the source (presence of direct waves) can be verified, that not
needed to be put in relation with the propagation of the surface waves would lead to a
worse quality of the analysis.

This can happen if the distance between the first geophone and the source is too small
and a series of near field effects occur. We’d suggest not to use offsets lower than 5-10 m.
Therefore, when the amplitude of the first traces is much higher than the general trend, do
not consider those traces during the attenuation analysis.

Therefore the following will show: total dataset, selected dataset, amplitude spectrum of
the traces and velocity spectrum in the frequency wished range.

Dataset (actual armplitude) Selected Traces
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eference trace

C 1
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offset (m)

10 20 30 40 50
offset (m)

Amplitude Spectra (all traces “elocity Spectrum (considered portion,
P P

1400

1200

m o
o 9
= ]

o
=]
=

Freguency (Hz)
Phase Velocity (m/s)

.
Q
a

]
=]
=

M 15 20 25 3 35 40 45 &0
Frequency (Hz)

Following figure reports 6 plots for 6 different frequencies (from the min to the max). These
graphics show how the amplitude logarithm changes according to the offset for a given
frequency value.

These trends help understand in which range we can have good quality data and what
frequencies are instead to avoid (because, for instance, at those frequencies the result is
more modes or different modes or no signal even).

Obviously, what we aim to demonstrate is the fall of the amplitude according to the offset.
A different trend means that the data are not suitable for attenuation analyses.

The following plots refer to the test-attenuation-50Hz.sgy dataset and show coherent
trends but the user should consider that for frequencies lower than about 18Hz the
dominant mode is the first higher one (not the fundamental one). That means that the
frequency range to consider for good attenuation analysis is only 18-50Hz (there is no
signal for frequencies higher than 50 Hz).

www.winMASW.com - geophysical software & services



194

winMASW®e

4.35

log{amplitude)

Quite clearly in case of datasets like
analyze the attenuation.

loglamplitude)

Log{amplitude)

Log(amplitude)

43

4.25

56

55

5 4

53

52

51

87

86

8.5

64

8.3

8.2

Frequency (Hz): 5

Frequency (Hz): 15

logamplitude)
[=2]

30

40 50
offset (m)

Frequency (Hz): 35

45 .

40 50
offset (m)

30

Frequency (Hz): 45

log({amplitude)

30

40 50
offset (m)

Frequency (Hz): 6

phase velocity (m/fs)

1200

1000

800

B00

400

200

40 50
offset (m)

Velocity Spectrum

log{amplitude)

=]

-

log(amplitude)
() £

%]

L=

o

Frequency (Hz): 25

40 50
offset (m)

30

Frequency (Hz): 55

-Dispersione Rayieigh-

Vs (mis): 170 220 320 600 1000; VS30: 494
Spessori(m)y: 2.0 2.0 40 8.0

Poisson: 0.33 0.33 0.33 0.33 0.33

Vp (mis): 340 440 640 1200 2000

e
e
Tre.
*resy
e,
tres

R e R R

"y

30
frequency (Hz)

1a ]

Frequency (Hz): 10.8

40

8.85
OOOo
8.8 o o
< © [s]
S
S 875 o
£ o
g o
Oooo ToeTr o
@ oo @ o]
OOO
8.65
30 40 50 60 30 40 50 60
offset (m) offset (m)
Frequency (Hz): 20.4 Frequency (Hz): 25.2
8.8 o
o] @ @ o]
o [e3Re] o
o 86 o a
o o o _ o, @
@ S T | o ————= o
o 84 o a
o [3) =
o] o}
o S 82|°
g
o o = o]
o g
o Q
7.8
30 40 50 60 30 40 50 60
offset (m) offset (m)

50

log(amplitude)

log(amplitude)

60

89

8.8

87

86

8.5

84

8.8
86
8.4
8.2

78

the one reported down here it is not possible to

Frequency (Hz): 15.6

ol
o]
o e} @
o
0y — oo T
o]
o] o) @ &
© o)
30 40 50 60
offset (m)
Frequency (Hz): 30
o @ o Yo
@ [eRS o
Q
o] o]
o}
o o
Q
o o ]
o]
30 40 50 60
offset (m)

www.winMASW.com - geophysical software & services



winMASWe 195

To recap:

Once uploaded the dataset (top right), visualized the velocity spectrum (bottom left) and
calculated the dispersion curves (box in the middle) upload the model of the soil that was
previously calculated through the analysis of the dispersion curves (the obtained .mod file). To do
that, click on “Input Vs model” and search for the proper .mod file in the output folder of the
analysis of dispersion curves.

At this stage the Vs profile will display in the dedicated window.

a) Modelling

If we choose the direct modelling (always suggested!) just click on “Q model”.

As soon as we identify the wished model (because in accordance with the observed curved) click
on “summary plot” to visualize a summary screenshot of the model (see further box). That
screenshot is automatically saved in .png format in the folder “...\winMASW\outputattn\” but can
be saved wherever and in another format as usual (File — Save As...).

— Step#: upload data & visualize velocity spectrum- — Velocity Spectrum — stepi: ion curve: ion
detaset. test-attenustion2.sgy i e
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SUMMARY PLOT

Ws model test-attenuationZ. mod (Vs, Poisson)
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Example of figure resulting when clicking on “summary plof’ after the identification
(modelling) of the Q model that best approximate our attenuation curves.

The number of dispersion curves (modes) to visualize over the velocity spectrum (bottom
left) is fixed by the parameter “Modes to visualize” in the panel “Inverting Q”

b) Inversion

Both parameters “Number of models” and “Number of generations” have the same meaning of
those met in the inversion of dispersion curves, so there’s no need to recap.

Since modelling modalities, the suggested numbers are respectively 100 and 300 (“in seconds”
calculation times)

Before launching the inversion, you need to choose a search space (fix it after some direct
modelling and bearing in mind the traditional values of Q for different materials-from a min of 3 for
highly dissipative soils to over 100 for healthy rocks)

In order to be sure an inversion gives satisfactory results you can compare the final misfit value
with the attenuation curve medium one: a value about 10% is typical of a good result.

Example: if the final misfit value is 0.004 while the medium value of the attenuation curve is
around 0.006, then the final misfit is about the 7% of the medium value, that meaning the model is
acceptable.
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FINAL SNAPSHOT OF THE ATTENUATION CURVE INVERSION

(automatically saved as .png file in the subfolder ../winMASW/outputattn/ , but can be
saved wherever and in other graphic format)
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The number of dispersion curves (modes) to visualize over the velocity spectrum (bottom
right) is fixed by the parameter “Modes to visualize” in the panel “Inverting Q”

Qs=Qp or Qpr=2Qs?

During the modelling or inversion procedure you're invited to choose whether to adopt a
model for which is valid either Qs=Qp or Qp=2Qs.

Qs is the quality factor of the transverse waves (S), Qp is that of the compressional waves
(P).

Several authors disagree with the relationship between Qs e Qp.

The matter seems purely academic and an only irrevocable answer is impossible.

Just consider that (apart very rare cases) in the attenuation of Rayleigh waves the
dominant factor is Qs (while Qp has a minor role): you'll understand if you play a bit with
the direct modelling proving both options alternatively.

This also means that what really can be supplied in detail from the analysis of surface
waves is Qs whereas Qp only can be estimated (in general, the value ranges between Qs
and 2Qks).
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Typical values for the quality factors Q

In low quality soils Qs values range between 3 and 20; unconsolidated soils with higher
cohesion can reach up to 40-60.

Massive rock materials can reach values of about 100-200 (Granite, Peridotite etc) but
sedimentary rocks can have a Qs value equal to just 10-50.

In general the error in the Q value obtained from data analysis is proportional to the Q
value: high Q values are therefore less accuracy compared to lower values (see e.g.
White, 1992).

Incidentally, the relationship between the damping factor D the quality factor Q is
described by the following equation:

www.winMASW.com - geophysical software & services



12. Computing, assessing and modelling the HVSR



200 winMASW®

Analysis: HVSR computation

The few parameters to be set are clearly readable (see also SESAME, 2005): if
you are not sure of the value and weight of the parameters involved, it is worth
attending a few workshops; of course, this tip applies to any method you decide to
use.

The basic format used is the official SESAME project format (SAF = SESAME ASCI|
data format) but you can also upload seg2 data/files..

SAF data format

The SAF format (SESAME ASCII data format) is an ordinary ASCII file that can
be opened with any word editor.

The winMASW® and HoliSurface® software assume that the 3 columns
represent respectively:

first column: vertical component
second column: NS component
third column: EW component

by the way, while uploading the data you can specify any other possible
format/sequence.

Moreover:

Two parameters are by the header:

the sampling frequency (“SAMP_FREQ =")
the date (“START_TIME =")

As you can guess, it is absolutely necessary to have the sampling frequency
("SAMP_FREQ =").

On the other hand, the date ("START_TIME = ") is not a necessary parameter
and in case of its absence a simple "warning" will be displayed that lets you
proceed with the analysis anyway.
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Reading files in SEG2 format

H01T-4111_1248-cameaen-AlmosthCuwases nicln_cn_4_siicotmrseg3 {sempling: 280k, lengen: 48,850 min)
il -
SR & mma) ¢ IIOHOFT D Cotmrun O Tomeme Jane © Tooe e sanqus + 101 e
1 e
1118 s et e Sor 4 gt
your commars
uuuuuu s

1 At bl 5 Sarrig s i

R i R 0 B R e |

Open/select the file (seg2 format)
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Define the unit of measurement of the data (if you are using our Ho//Surfavce® acquisition
system following the correct acquisition procedures, select the option highlighted in the
snapshot above and you will get the data in mm/s).
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==
HoliSurface
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If the option "show data" is activated, the following 2 windows will be shown
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Data after basic processing (zero mean and detrending)
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"Show location" button

If you have a GPS-equipped 3-channel geophone, you can now view the
location of the measurement on Google Earth (which clearly must have been
installed beforehand) with a simple click.

Geographical data are those indicated in the SAF file (according to the SAF
format) in the fields EVT_X (longitude), EVT_Y (latitude) and EVT_Z
(altitude)

Example of geographical data in the SAF file:

EVT_X=10.2
EVT_Y =50.1
EVT Z=0

If these data are present, the "show location" button is activated and it is
therefore possible to quickly and automatically obtain a screen like the one
shown below

To find out if your 3-channel geophone (and the related acquisition software)
are equipped with this option, consult the manufacturer of the 3-channel
geophone.
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Sampling and re-sampling

What are the most interesting frequencies from a geological and engineering
point of view? Generally speaking, from 0.5 to 20 Hz.

Since it is necessary to sample at least twice that frequency in order to
identify a certain frequency, it goes without saying that by sampling a signal
of at least 40Hz we should be able to bring home sufficiently detailed data
for the main geological purposes.

A series of other considerations that cannot be made here in full suggest
acquiring at least 128 Hz.

According to some, it is even advisable to acquire data at even higher
frequencies (256 or 512 Hz) and then resample them (decimate them) at a
lower frequency.

In order to avoid increasing the calculation time unnecessarily, it is important
to analyse data at a frequency not exceeding 128 Hz.

For geological/engineering purposes, it is completely useless to analyse
data at a sampling rate higher than 128 Hz. Actually we recommend re-
sampling at 64 Hz - which still allows you to see up to 32 Hz (which is by far
much more than what we need).

Particle motion

If the option "show particle motion (of the original data)" is selected, the plot
of the soil motion will be obtained along the three sections vertical-NS,
vertical-EW and horizontal (NS-EW) (clearly of the original data).

Particle motion {(horizontal plane) Density function
T T T T

180+
100

a0F

NS

A0F

-100 ¢

-180 By . . . . . .
-160 100 -50 0 50 100 150
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Removing events (transients) before calculating the H/V spectral ratio

By clicking the "remove events" button, the following screen will appear:

4
time (min})

Use the left button of the mouse for the points that define the portions to remove and use the right button to select the very final point. Please see manual & video tutorial

The user can now select specific events (signals) to be removed. To do so,
click on the "start selection" button and use the left mouse button to define
each point (note that each event is defined by a start point and an end
point). To select the last point, use the right button. In the example below
there are 3 selected events (to be removed). These events are clearly
defined by 6 points. The first 5 must be identified using the left button and
the last (in this case almost at the end of the dataset) with the right button.

If the selection works, we will click at this point the "accept" button to return
to the main screen; otherwise we can make a new selection resetting the
previous one ("reset" button).

B winMASW - cleaning microtremor data before HVSR anal_@gg

recorded data

Vertical

; H : : : ——Nns
6000 [ : T ' H Tl ——Ew

4000 [—1 0

2000 N TR e B T R T ! EE T T ST TR

L | R R | R ...  AiAt44IHEi

-4000 B i B -—-—_-_riti i - s i iliHiibitnii

Use the left button of the mouse for the points that define the portions to remove and use the right button to select the very final point. Please see manual & video tutorial

T
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Automatic removal of events with amplitude above an amplitude
threshold set by the user

Among the parameters to be set for HVSR processing, there is also the
amplitude threshold used to automatically remove all those windows
within which there are events with amplitude.

In summary, the root mean square amplitude of the traces is calculated
and then multiplied by the amplitude threshold set by the user.

If a window contains an event with a larger amplitude, this window is
deleted from the analyses.

Clearly, the lower that value, the more data/windows will be removed.

step#? - HV computation

remove events = both Rad & . clean axes

20 window length (s) Min. freq.: 0.25Hz

c tapering (%)
T amplitude threshold test removal
ig8¢  « | spectral smoothing (triangular window)

2 detrending order

|:| =show particle motion and all HVSRs

|:| full ouput compute |

With the "test removal" button, you can check how this automatic
cleaning of the data works and we can increase or decrease the
automatic cleaning of the traces before proceeding with the final
calculation (done by ticking the option "full output").

Below is an example of data before and after removing windows in
which the amplitude exceeds the set threshold (see blue line).

original data
T

—VUuD

amplitude

002 — 7

| 1 1 1
0 2 4 6 8 10 12 14 16
time (min)

selected segments: 12.0091 min (71% of the original data) [to i /decrease the of data kept, modify the "amplitude threshold"]
003 T T T T T =

0.0z — -

\ i ‘ |

0 Pﬁ% WM' wwwwwwﬂwfﬂmm

amplitude

1 1 1 | 1
0 2 4 6 8 10 12
time (min)
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Main screen

The screen is easy to read. As a first step, load the dataset you want to
analyse (classic icon at the top left end of the toolbar).

Then set the various parameters as needed and launch the analysis with the
"compute” button. Once the analysis is complete, the screen shows the
spectra of the three components and the H/V ratio:

show data reset HVSR.SAF (64Hz) - Average Spectra

Step#1 {optiona) - decimate j = ! ! ‘
stz | oow frocancy resample

stop#2 - HA computation

remova events | ommaas | clean axes
20| window tength is)
5 | tapenng (%)

Min. freq.: 0.25Hz

5 | ampituce threshala test removal
15% | specral smocthing frianguiar window)

2 | dstrends

[ show particie moticn and ail HYSRs

9 full o ]
continulty

30 mation 5198
[ save video. show 3D motion

2

frequency (Hz)
default axes

directivity analysls

freauencies to highicht 210 HE gompute

save. oplion#1: save HVSR as it s

HVSR.SAF - HVSR (window length: 20s)
T

saveHVIrom 025 (o 30 | Kz Criteria for a reliable HV curve

sava HV curve (as it is)

[2.06 Hz, 5.37]
ey

1 1 L

save - option#?: picking KV curve

pick HV curve | | save picked HV.

| Criteria for a cloar HIV poak [2.06 Hz]

www.winmasw.com

L 1

HVSR
Co 4+ N W B o O N ®
T T T T T T

frequency (Hz)

To model the HVSR (also jointly with MASW or ReMUESAC data), save the HV curve, go to the "Velocity Spectrumia, Medeling & Picking” panels and upload the sav

If the 3-channel geophone used also included a GPS and the SAF file
obtained contains the geographical indications of the site (fields "EVT_X",
"EVT_Y" and "EVT_Z"), it is possible ("show location" button) to get the
automatic display of the site on Google Earth (which must clearly have been
previously installed).

Once a good HVSR curve has been obtained by changing the processing
parameters, at that point it is possible to carry out the "complete" calculation
of everything that can be calculated. To do so, simply activate the "full
output" option. As a result, a series of outputs (images and text) will be
saved in the working folder. The main one is an HTML file (an ordinary file in
web format manageable with any browser): clicking on it opens the analysis
report.

The red dots (see screenshot above) indicate HVSR values below the unit
(possible velocity inversion index).
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The various outputs also include the "continuity" of the HVSR during acquisition (in
this case a little less than 18 min), i.e., the value of the HVSR on each window
considered:

HVSR vs Time (2D view)

HVSR vs Time (3D view)

AN
iy S 6

frequency (Hz)

[ ) g
i “l‘ AL R ML “..
1, ‘

[ L I | L 4 . "
5 10 15 20 25 10" time (min)
time (min) frequency (Hz)

Continuity is presented both in the classic two-dimensional (on the left) and three-
dimensional (on the right) visualization.

A series of tools is as always present in the bar. For example, it is possible to
display the color scale (which in this case represents the values of the H/V spectral
ratio - see image below).

HVSR vs Time (2D view) HVSR vs Time (3D view)

frequency (Hz)

. ’ . . frequency (Hz| T 28 i i
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Amplitude spectra of the individual components as a function of time.
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Minimum frequency of the HVSR curve

In accordance with SESAME guidelines, the minimum frequency that can be
displayed depends on the value of the analysis window. Since at least 10
cycles are required, the minimum frequency that can be determined in a robust
way is therefore equal to =10 / i (10 divided by the length of the window in

seconds).

If you want to go down to 0.1 Hz, for example, you need to set the analysis
window to 100 seconds and write 0.1 in the field relating to the minimum
frequency in the group "save - option#1: save HVSR as it is"
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HVSR Report and SESAME criteria

At the end of the calculation of the HVSR curve a report (.html file)
summarizing all the parameters used and the results of the analysis is
provided (the file is automatically saved in the working folder).

SESAME criteria regarding the reliability of the H/V curve and its peak are
also evaluated. Analyses using SESAME criteria are carried out considering
the data in the 0.5-15 Hz range (engineering) but this range can be modified
using the fc button in the toolbar at the top. The complexity of this kind of
evaluation is such that it is necessary to have a "critical" look by the user
who must be well aware of the subject. It is therefore necessary that the user
has well assimilated the SESAME guidelines (considered as a minimum
prerequisite) and all subsequent literature.

Among other things, the output provides the following outcomes:

In the following the results considering the data in the 0.5-15Hz frequency range
Peak frequency (Hz): 3.2 (x0.3)
Peak HVSR value: 5.5 (+0.5)

= Criteria for a reliable H/V curve == === == == = e
#1. [f0 > 10/Lw]: 3.2 > 0.25 (OK)

#2. [nc > 200]: 6314 > 200 (OK)

#3. [f0>0.5Hz; sigmaA(f) < 2 for 0.5f0 < f < 2f0] (OK)

= Criteria for a clear H/V peak (at least 5 should be fulfilled) ===============
#1. [exists f- in the range [f0/4, f0] | AH/V(f-) < A0/2]: yes, at frequency 2.0Hz
(OK)

#2. [exists f+ in the range [f0, 4f0] | AH/V(f+) < AO/2]: yes, at frequency 4.2Hz
(OK)

#3.[A0 > 2]: 5.4 > 2 (OK)

#4. [fpeak[Ah/v(f) £ sigmaA(f)] = f0 £ 5%]: (OK)

#5. [sigmaf < epsilon(f0)]: 0.313 > 0.157 (NO)

#6. [sigmaA(f0) < theta(f0)]: 0.642 < 1.581 (OK)

Please, be aware of possible industrial/man-induced peaks or spurious peaks
due to meaningless numerical instabilities.

Few tips in this regard:

- do not consider the SESAME criteria as, so-to-speak, the Bible
- changing the processing parameters (analysis window length, transient
removal, etc.) necessarily leads to changes that can also be reflected in the
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SESAME criteria.

- criterion#5 (among the "Criteria for a clear H/V peak") is often among the
most restrictive. Beyond its rigorous formulation, the data should be
evaluated using common sense (always necessary for any method).

- by default the criteria are calculated in the 0.5-15 Hz range (usually the one
of greatest engineering interest), but this range can be changed with the fc
button in the toolbar.

- pay attention to possible industrial signals/components (see e.g. Dal Moro,
2012; 2014; 2020).

Saving the H/V curve

At the end of the analysis you can save an H/V curve (here too in the
standard format of the SESAME project). There are 2 possible options:

“option#1 - save HVSR as it is”
“option#2 — picking H/V curve”

In the former case you save the calculated H/V curve (visible at the bottom
of the screen) in the frequency range indicated.

In the second case, it is possible to pick the H/V curve, thus making it
possible to eliminate possible peaks due to anthropic "artifacts" not linked to
lithological amplification signals.

winMASW® and HoliSurface® users who are subscribers of our mailing list
will receive further information.
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DIRECTIVITY

Once the mean H/V curve has been calculated, it is also possible to calculate the
directivity of the signal up to a specified frequency (see above for the relevant
frequencies).

HVSR: directivity

frequency (Hz)

30 60 90 120 150
Azimuth (degree)

directivity (3D) percentage deviation from the mean curve -

20

HVSR
HVSR % variation
2

Consider that while in one case (left) the frequency scale is logarithmic, in the
other case (right) it is linear. The figure is automatically saved in the previously
indicated working/output folder ("working folder") but can also be saved manually
by the user in any of the many possible formats.
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The HVSR analyses in two steps
In a first step (clicking on "compute" without having activated any particular option)
we calculate only the HVSR curve to understand which parameters (smoothing,

window length, etc.) are most suitable for the dataset considered.

In this phase, two vertical red bars are also highlighted, indicating the minimum and
maximum frequency within which the SESAME criteria are calculated:

show data reset | HVsud-suolo.SAF (64Hz) - Average Spectra
T

stepi (optional) - decimate PEILWOrHIN o felder,
Barz | new frequency resample NS show location
—Ew
= field ot
104 uD | eld notes

@

E

E

[ClHoLic
[ shaw particle motion and all HvSRs 5
[Cull ouput 10
continuity
I
30 motion
[save video show 3D motion 025, 2 10 2
frequency (Hz)
default axes ~
directivity analysis
| treauencies to hiahliaht | 1.0 50100 |Hz kompute
,,,,,, ntion#: save HYSR as it is HVsud-suolo.SAF - HVSR (window length: 42s)
6 T
ave HAV from | 025 [ to | 30 | Hez Criteria for a reliable HIV curve
e s s ) 5 | [
save - options2: picking HAY curve
5 4 [11.1 Hz, 3.24] = -
pick Y curve| | save picked HY. AHz, 3.
-

Criteri

la for a clear HIV peak [11.1 Hz]

I ol

frequency (Hz)

directivity inti... tme [ 60 | s . =
- Tomodel the HYSR (also jointly with MASVY or ReMIESAC data), save the HV curve, go to the "Velocity Spectrumia, Modeling & Picking" panels and upload the saved HY

It is the user's responsibility to modify these limits ("fc" button on the toolbar) to
include the peak to be evaluated based on the SESAME criteria.
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In the second step, once the limits have been modified and the "full output" option
has been activated (to carry out all the possible directivity, continuity analyses, etc.),
we obtain a graph like the one below (in which the limits are now indicated in a more
"discreet" way and the values below the unit are not highlighted):

Show cul oG HVsud-suolo.SAF (64Hz) - Average Spectra
stepi (optional) - decimate I pe working fold
BaHz | new frequency resample. —NS§ | show location
—_EW
‘stepfi2 - HAV computation A eslD T e T TN T A e
[ clea
) Min. freq.: 0.238Hz
o
| test removal | E
othing (triangular window )
[roLic
] show partcle metion and all HYSRs s
2 full ouput compite | A0
continuity
I L I
30 motion
[ Bave vices show 30 motion 0.26 2 10 20
frequency (Hz)
|default axes
directivity analysis
freauenciesto hiahiaht: | 1.0 50100 |Hz computel
save- option#: save HVSRas it is & HVsud-suolo.SAF - HVSR (window length: 42s)
T
save Hiv from | 0.25 | to | 30 | Hz Criteria for a reliable H/V curve
save HV curve (as it is) 5+ - -
save - option#?2: picking HV curve -
[ ik curve| | save picked iV 4= [11.1 Hz, 3.24] B
-
Criteria for a clear H/V peak [11.1 Hz]
> 0 ‘ | J 1
nnnnnn ghiight 10| H; 0.25 2 10 20
e — frequency (Hz)
ROy itk e B0 L% To model the HVSR (also jointly with MASW or ReMIESAC data), save the HY curve, go to the "Velocity Spectrum/a, Modeling & Picking” panels and upload the saved HV

In fact, if there is more than one peak in a curve, they will have to be evaluated
(based on the SESAME criteria) individually/separately (see the winMASW-HVSR-
SESAME.rar "package" in the "Documents" folder in the winMASW® and
HoliSurface® installation folder and refer to our workshops and the book that should
be published by Springer in February 2020).

So (in case of multiple peaks) the SESAME criteria should be considered for each

peak (having to launch the calculation for each individual peak - after having clearly
modified the fc limits to include the peak you want to consider from time to time).
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SESAME or not SESAME?

By default, the software computes the SESAME criteria in the frequency range specified by
the user - see previous pages and the article Dal Moro & Panza (2022). A plot similar to the
following is obtained:

202240412_17-57_SolitaryTros_BRY_MyH3C.se02 (62.5 Hz) - Average Spactra
T T

g
H
H

2022-04-12_17-57_SolitaryTrea_BRY_MyH3C.seg2 - HVSR [window: 20 s; kept segments: 51]
' T T T T

8 ——mean
[263 He. 645) === median

wWww.winmasw.com

frequency (Hz)

To madel the HUSR [also Jointly with HollSurface, MASW or ReMI/ESAC datal. ge o the pertinent panels and uplaad the saved HY zurve fasarsinn

In case you do not want to compute and show the SESAME criteria (and the indication of
the "peak" — see red square in the upper plot), you can disable the SESAME criteria
calculation by simply "cancelling" (inserting null values) the two f; values. This way you will
then get a plot like the one shown below.

2022-04-12_17-57_SolitaryTree_BRY_MyH3C.seg2 (62.5 Hz) - Average Specira
| h 1

5
frequency (Hz)

2022-04-12_17-57_SolitaryTree_BRY_MyH3C.seg2 - HVSR [window: 20 s; kept 51)
T
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=== madian

0.5 1 2 5 ) ) 9 16 I%U
frequency (Hz)

Yo modo the HYSR {also jointly with Hoii MASW a pertinent pansls HY curve
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YOUR COMMENTS

It is also possible to add comments to the data and analysis (see the grey box "your
comments" to the right of the amplitude spectra graph).

The comments will be automatically reported at the bottom of the final report
obtained by computing the HVSR having activated the "full output" option.
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To model the HYSR (also jointly with MASVY or ReMi/ESAC data), save the HV curve, go to the "Velocity Spectrum/a, Modeling & Picking” panels and upload the saved HV curve
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Listen to your microtremors

From the HVSR panel (™ button along the toolbar) it is possible to
listen to your microtremor. Click that button and choose one of the
two possible options: 1) just listen to the audio version of your
\_ microtremors [“simple” option] or 2) show the time lapse
spectrogram animation [visualization [longer]” option].

Data are reproduced with a velocity about 10 times faster that the actual data (a 10-
minute dataset will be then played in just 1 minute).

3 HoliSurface® & winMASW® - Horizontal-to-Vertical Spectral Ratio (HVSR)
Qwssd - S WO 99® 00 1l > A

| show current data H reset ‘ multiple HVSR batch processing |

r step#1 (optional) - decimate ‘ : :

Just a funny curiosity? Not necessarily. Attend one of our workshops and discover
that our ears can help us also in the assessment of the microtremor data.

Amplitude

| | | | |
3

Sample Number pond

The audio is also automatically saved as flac file in the working folder and can
therefore be played on any device.

IN order to appreciate the sound of our Mother Earth, we would like to recommend
you to use a good sound system or your headphones.

Consider that in order to preserve the high frequencies, you should perform this
operation before resampling the data.

The same tool is also available in the ESAC panel ("play & save audio data"
button).
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Time Lapse of your microtremor data in the frequency domain

From the HVSR panel (» button along the toolbar) it is also possible to visualize a
time lapse animation of the spectrdigrams of the three components and of the
HVSR itself..

B3 HoliSurface® & winMASW® - Horizontal-to-Vertical Spectral Ratio (HVSR)

ODwssSd @ L RORAEH oS oc @ n > A

| show current data : reset | multiple HVSR batch processing |

Click the same button and, instead of choosing the “simple” option (see previous
section), choose the “visualization [longer]” option.

This can be useful in case you want to monitor/visualize the persistence of a
specific industrial component.

The minimum and maximum frequency (i.e. the frequency range shown) are the
same specified for the minimum and maximum values for the HVSR (see the two
values to specify in the “save — option#1” group).

In case you also select the “time-lapse animation” option (in the “step#2” group),
the shown video will be saved in the working folder as mp4 file.

An example of data characterized by a clear industrial component (that also
changes its frequency) is shown here:
https://www.youtube.com/watch?v=NW1e q09g-c

Such example is analysed in detail in the paper “On the identification of industrial
components in the Horizontal-to-Vertical Spectral Ratio (HVSR) from
microtremors” (Dal Moro, 2020).
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Industrial components

The amplitude spectra of the three components with linear frequency scales (both log and
linear amplitude scale) and the coherences between the various pairs of sensors (EW
versus NS, EW versus UD and NS versus UD) are also shown.

This way it is possible to better highlight possible industrial components

We would strongly recommend to study the paper On the identification of industrial
components in the Horizontal-to-Vertical Spectral Ratio (HVSR) from microtremors (Dal
Moro, 2020 — Pure and Applied Geophysics — https://doi.org/10.1007/s00024-020-
02424-0

In the example below the presence of a series of "artificial" (industrial) peaks at 6.6, 13.2,
19.8 and 26.4 Hz is evident (note that - in this very peculiar case - you can see the
fundamental frequency of an industrial component [at 6.6 Hz] with a series of higher

harmonics).
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In the next example you can note the presence of a couple of industrial signals at about

1.56 and 4.63 Hz.
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Two examples of coherence functions displayed in 3D mode with the color scale

representing their frequency: on the right a case where no significant industrial

components are evident, on the left a complex dataset with a couple industrial

components.

With regard to the data in the left plot see also the two images below related to:

1) frequency coherence functions (for all three combinations NS-EW, EW-UD, and NS-

UD) and linear and logarithmic amplitude spectra (smoothed by only 3%);

2) coherence functions and spectrograms (time-dependent).
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Managing (manually) the industrial components

There are two ways to attenuate/reduce/delete industrial signals:

1) massively smooth the spectra (50% and more [see parameter spectral
smoothing]);

2) manually picking the HVSR curve or, if the situation is complex, the amplitude
spectra of the UD, NS and EW components.

The first approach does not require much clarification and is therefore not discussed
here.

Let us see some details on the other two approaches, it being understood that in
order to implement them seriously it is necessary to attend our training courses.

It should be emphasized that the quality of this type of operation depends entirely on
the level of theoretical knowledge of those who carry them out.

a) picking of the HVSR curve
In this case, the HVSR curve potentially "contaminated" by industrial signals is picked

directly.

picking HY or amplitude spectra

Jl

ﬂ HVSR o pick data

E save picked HY compute

1) In the drop-down menu, select the "HVSR" option;
2) Click the "pick data" button;
3) Start picking the desired curve (to close picking, use the right mouse button);

4) Save the picked curve by clicking on the "save picked HV" button.
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b) picking of the amplitude spectra of the three components and
related recalculation of the HVSR curve:

picking HV or amplitude specira

I HVSR "t pick data
HVSR =T
UD ampltude spectrum Lo

i NS ampitude specirum
| EW ampitude spactrum

1) HVSR calculation with limited smoothing (approximately 2-3%)

2) In the drop-down menu, select the component to be picked (all three components
must be picked in sequence);

3) Once the component has been selected, click on the "pick data" button;

4) Start picking the selected amplitude spectrum (we recommend that you always
follow the same order): UD, NS and EW; to close picking, use the right mouse
button);

Points 2, 3 and 4 are repeated so to pick the amplitude spectra for all the three
components (UD, NS and EW).

picking HY or amplitude specira

EW amplitude... |~ pick data

save picked HV Compute

5) Once the last component has been picked, the use must (re)compute the H/V ratio
based on the amplitude spectra of the picked three components. To do so, press the
"compute" button. At this point, a summary screen will be displayed and the re-
computed HV curve will be automatically saved in the working folder as a file with the
same name as the field datafile with the additional suffix "_reconstructed.hv".
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A quick example
1) computation with 3% smoothing (incidentally, in this way the SESAME criteria are
completely out of sync). The well-known 1.5 Hz industrial component is evident

(common throughout Friuli and beyond).

% Holiurlsce® & winMASWS -
m=ssd LR

show dats resel
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o g 050100 W | compute
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To model the HVSR (alsa jolntly with MASW or ReMIESAC data), save the HV curve, go to the "Velacity Spectrumia, Modeling & Picking” panels and upload the saved HV curve

During this first phase you will get, among other things, also the following two graphs:
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Top: graph of the coherence functions of the three possible combinations as a

function of time; bottom: amplitude spectra as a function of time (spectrograms). The

industrial signal at 1.5 Hz is clear.
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cohrence functions

/

frequency (Hz)
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4) picking of EW component

nE Z i 20
frequency {Hz)

5) calculation of HVSR from the peak amplitude spectra to obtain the following graph
and its .hv file

x10° picked amplitude spectra «pigked & original amplitude spectra

8 —— picked [thick]

——original [thin]

6 L

1] ]
) =)
2 2
- =
E £
© <

10° 10
frequency (Hz) frequency (Hz)

6 reconstructed HVSR original & reconstructed HVSR

“reconstructed
—original

10° 10 10° 10"
frequency (Hz) frequency (Hz)

Please note and bear in mind that, for statistical reasons, the average of the HVSR
curves is not identical to the HVSR calculated from the average of the amplitude
spectra. This means that at low frequencies (more "unstable") the two curves may
differ slightly. If all the operations involved in the analyses have been carried out
correctly, the two curves fall within the margins of uncertainty (see curves relating to
standard deviations). You should also bear in mind that for these picking operations

we are working and need to work with very little smoothed data (about 2-3%) and
therefore with non-ideal curves.
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SESAME criteria of the reconstructed HVSR curve

Clearly, with this type of processing/reconstruction, we work with the final mean
curves (of the amplitude spectra and of the HV).

Since the first 3 SESAME criteria (for the whole curve) and the criteria 4, 5 and 6 for
the evaluation of a "peak" work instead (according to "statistical" criteria) considering
all the HVSR curves of each window, it is not possible to calculate all the SESAME
criteria of the reconstructed curve (since we only have the final mean curves available
here).

Only the first 3 criteria for a reliable peak can be "calculated" (at sight).

The first two require that the value of the curve drops to at least half of the value of
the peak in the fo/4 - 4*fo frequency range (fo being the frequency of the peak
considered).

The third is even more trivial (the value of the peak must exceed the value of 2).

If we consider the following example (the 5 Hz signal is clearly of an industrial
nature), we can see that (also considering the standard deviations) all the first three
criteria for a "reliable peak" and relating to the reconstructed curve (green curve in the
lower right box) are certainly met [fO equal to about 7 Hz and frequency range to be
considered equal to 1.75-28 Hz].

x 1(_}'6 picked amplitude spectra - picked & original amplitude spectra
' —— picked [thick]
10 ——original [thin]

amplitude
amplitude

10° 10 10° 10
frequency (Hz) frequency (Hz)

reconstructed HVSR original & reconstructed HVSR
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10° 10 10° 10"
frequency (Hz) frequency (Hz)
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Automatic removal of industrial signals

In the upper right corner of the HVSR panel there is the “INDUSTRIAL” group. By setting the
appropriate parameters you can use the “process industrial signals” button to
automatically remove (or attenuate) possible industrial components that alter the HVSR
curve. Always remember that the “right” parameters are data dependent and it is
impossible to define universal values.

The procedure basically consists of three steps: a) identification of the industrial signals;
b) removal from the data; c) interpolation from the surrounding data.

There are four “parameters” to set up:

1) the threshold value for the coherence function (values higher than the specified value
are considered expression of an artificial/industrial signal);

2) the threshold value for the derivative of the amplitude spectra (values higher than the
specified value are considered expression of an artificial/industrial signal);

3) the components (Z, NS and/or EW) to use for the computation of the (average)
amplitude-spectra derivatives;

4) the type of interpolation to use to interpolate between the points removed cause
attributed to an industrial component.

Here an example that should clarify how it works:
a) upload the microtremor data and the georeferenced photo

VEP_Z821:00-15_17:19_Avwi_casella_Nord_campisagl fasmpind. 64 Ha. lag. TIEIT )

To mode the HYSR (st jostly with Hoburtace, MASW of ReWESAC detal, g0 10 e partisent pasels sod wpiond the saved WY curve manan

frequency (Hz)

s

19P_2021-08-15_17-19_Area_casetta_Nord_campo.seg2 - HVSR [window: 10 s; kept segments: 79]

—mean
B e s == median RS-

it fot a elear HY pask [4 63

wwwwinmasw.com [

frequency (Hz)

To mads! the HVER [als jainty with HalSurtacs, MASW or ReWESAC data], 52 10 the permon panolz and uglaad the saved HY surve mesrian
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In this case the presence of two industrial components at about 1.5 and 4.6 Hz in
pretty clear especially in the almost-unsmoothed (5%) amplitude spectra while the
coherence functions are, in this case, pretty complex and can just confirm the 1.5 Hz
signal (while are otherwise extremely complex — this is actually a pretty unusual dataset).

In order to try to remove the influence of these signals on the HVSR, we:

1) set a very high value for the coherence functions threshold (since, in this case, we
do not want to use the coherence function to identify the industrial components) and a
low value for the derivative; since the 4.6 Hz industrial component is clear especially
along the NS and EW components — see amplitude spectra reported in the previous
figure) we choose to consider the average derivative from both the horizontal
components

industrial

linear v
09 0.14
both horizo._.

processing indu J”“ NS
ust EW
hoth horizontal components [NS & EW]
all the three components

We can now click the “processing industrial signals” button and obtain this result:
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Two quick notes: a) since we decided to fix a very large (0.9) threshold for the coherence
functions, the selection of the industrial signals is not based on the coherence functions;
b) since we fixed a very small threshold value for the amplitude derivative, the two
industrial signals were properly identified by means of them (the amplitude-spectra
derivatives — see the “mean amplitude derivative for the horizontal components
[NS&EWT]” plot).

19P_2021-09-15_17-19_Area_casetta Nord_campo.seq2 (64 Hz) - Average Spectra

your comments to the datalanalysis

frequency (Hz)

st

19P_2021-09-15_17-19_Area_casetta_Nord_campo.seg2 - HVSR [window: 10 s; kept segments: 77]

——mean
o3 e -
by median T ————

3
frequency (Hz)

MASH or REMUESAC datal, panels curve e,

In the HVSR mean maple the green curve represents the “cleaned” HVSR curve free
from the industrial components identified through the correct parameters above
described. Once again we need to underline that the correct parameters are data
dependent and need to be properly set by the user (who need to understand how the
procedure works).

In the following, few more examples of the performance of the tool for the automatic
removal/attenuation of the industrial signals (in the upper left corner are reported the
original HVSR curve [in red] and the “cleaned” one [in blue]). As you can see, the
parameters used to remove the industrial signals are different for each dataset.
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“HOLI3C" option (equalization of our 2 and 4.5 Hz geophones)

If you have acquired the data using one of our three-component geophones [HOLI3C
geophone], activating the HOLI3C option, you obtain the equalization of the traces
with recovery (at their real amplitude) of the very low frequencies.

show data reset HVsud-suolo.SAF (64Hz) - Average Spectra
T

stepi (o

open working folder

Barz v ‘show location

field notes.

N Min. freq.: 0.333Hz

mm/s

test remova "
g (riangular window)

endng order [howise

[Cfult ouput compute

L L L
0.3333 2 10 20
frequency (Hz)

defaultaxes -

HVsud-suolo.SAF - HVSR (window length: 30s)
T Criteria for a reliable HIV curve
#:0K
#2: OK.
4~ [11.2Hz, 3.37] 4 seK

PYS

Criteria for a clear HIV peak [11.2 Hz]
#: 0K
#2 0K
30K

1000 Vs of the bedrock
#4: OK

pa

T [rs:v0]

highiight a frequency 0 I L L #5 OK
drawhighlight 10 |Hz 0.3333 2 10 20

frequency (Hz)

WwWww.winmasw.com

directivity over time
directivtyinti... tin e [80]s

data),

HVSR analysis without trace equalization (HOLI3C option not activated)

step#? - H'V computation

remove events | |both Rad & ... o, clean axes

ey Ml o Activating the HOLI3C option (from release 2018
7] anpltude treshoid wsiremosn yOU €an choose between 2 options depending on
5% U] spectral st (iangular window) the purchased HOLI 3C geophone).

2 detrending order E] HOLI3C

[l shaw particle metion and all HVSRs

] full ouput compute

show dta reset HVsud-suolo.SAF (64Hz) - Average Spectra
‘step# (optional) - decimate T

open working folder
show location

field notes

mm/s

. . .
0.3333 2 10 20
frequency (Hz)

default axes

HVsud-suolo.SAF - HVSR (window length: 30s)
T

Criteria for a reliable H/V curve
#1: 0K
4r [11Hz, 3.28] 1 R
#3: 0K

Criteria for a clear HIV peak [11 Hz]
#: 0K
#2 0K
#3 0K
i#4: 0K

vvvvv pute. -

I I I #5 0K

20| depth of the bedrock

1000 Vs of the bedrock

frequency (Hz)

data), save the HV

HVSR analysis with trace equalization (equalization option activated): note the
recovery of real amplitudes (amplitude spectra)
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Enter your comments

winMASW®e

It is now also possible to enter comments on the data and analysis (see the grey

box "your comments" to the right of the amplitude spectra).

The comments will be automatically reported at the bottom of the final report
obtained by calculating the HVSR having activating the "full output” option.

show data reset

stepit (optional) - decimate

GeHz | new freguency resample

stepi2 - HY computation
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To model the HVSR (also jointly with MASVY or ReMi/ESAC data), save the HV curve, go to the "Velocity Spectrum/a, Modeling & Picking” panels and upload the saved HV curve
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A further note

Both during direct modelling and automatic inversion it is good practice (we would say
absolutely recommended) to always insert a very deep and very fast layer that serves to
stabilize the mathematics behind the HVSR calculation.

In practice, this means that the actual situation must be reproduced in the most correct
way.

If in your area there are, for example, (let's simplify things) 10 meters of clay and then
several meters of gravel, to correctly simulate the peak related to this contact it is also
necessary to introduce a deep contact between the gravel and what there must be below
it even if this deep contact is of no interest to you and is not actually "visible/identifiable"
with your data.

Therefore, a model that for you is:
10 m of silt (Vs: 140 m/s)
gravel half-space (Vs: 550 m/s - for several dozens or hundreds of metres)

should be considered/modelled as:
10 m of silt (Vs: 140 m/s)

1000 m of gravel (Vs: 550 m/s)
rocky half-space (Vs: 1200 m/s)

0 6 T

modelled (SW)
5

depth (m)
nN
=}

0 100 200 300 400 500 600

VS (m/s) frequency (Hz)

Adding a fast deep layer (actually “invisible”) will produce the following result:

layer Vs (m/s) |thickness (m) depth (m)
1 140 10 10
2 550 1000 1010
3 1200 0 0

www.winMASW.com - geophysical software & services
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6 T

modelled (SW)
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As you can see, now the peak relating to the silt-gravel contact is smaller (it was about 6
and now is about 4.4) and the shape of the HVSR curve is slightly different.

It should be stressed that this is related to the mathematics of the HVSR (in the final
report you do not have to include this deep level if there is no evidence of it in the data -
evidence should be at very low frequencies).

Also bear in mind the role of the alpha (a) factor (gradually lower values make the HVSR
curve lower).
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The H/V spectral ratio and the Love waves: the a factor

SISATVNY 3AWM 3IVHNS

s
:
:

FOR NEAR SURFACE

SURFACE WAVE ANALYSIS
APPLICATIONS

Extracted from k&

The experimental HVSR is basically the result of the joint action of the Rayleigh and
Love waves according to the following equation:

Vr(f)

being Hr and Vg the contribution of Rayleigh waves (in terms of power spectra -
see Arai and Tokimatsu, 2004) on the horizontal (H) and vertical (V) component,
and Hv the contribution related to Love waves (the parameter a can therefore be
considered as the contribution of Love waves to the experimental HVSR).

For a complete modelling of the observed HVSR, the value of the parameter a must
be considered appropriately, i.e., the relative quantity of Love waves which,
incidentally, is probably a function of the specific weather/seasonal conditions

The modelling presented in Figure A shows the effect of Love waves: the same Vs
profile is used to compute the HVSR considering two different (extreme, a = 0.2 and
a = 0.9) values of the parameter a.

Two consequences are straightforward:

1. The relative amount of Love waves (expressed by the a — alpha - factor) should
be considered as one of the variables in the inversion/modelling of the HVSR curve
(experience teaches that this value usually takes a value between 0.3 and 0.5).

2. The HVSR curve alone is absolutely insufficient to limit the definition of a Vs
profile even when stratigraphic/geological information is available and the only
solution is provided by joint analysis with other geophysical data (such as surface
wave dispersion).
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The winMASW® software allows modelling the HVSR both according to body (e.g. Herak, 2008)
and surface waves.

About this last possibility, winMASW® 3C, winMASW® Pro and winHVSR works as a graphical
interface for the executable by Albarello & Lunedei (2009).

If you are working with winMASW® Academy or HoliSurface®, you do not need such
a .exe file since the HVSR modelling is performed thanks to a very complete tool
also capable of handling a user-specified amount of Love waves (see a factor box).

If you activate the HVSR modelling and set a number of modes higher than zero you will get the
modelled HVSR both according to body waves and surface waves (in case the number of modes
is set to zero you will get HVSR only according to body waves).

In order to approach this method please read (at least) the following papers:

Dal Moro G., 2011. Some Aspect about Surface Wave and HVSR Analyses: a Short Overview
and a Case Study, BGTA, 52, 241-259 (visit www.winmasw.com for a draft of it)

Albarello D. and Lunedei E., 2010. Alternative interpretations of horizontal to vertical spectral
ratios of ambient vibrations: new insights from theoretical modelling. Bulletin of Earthquake
Engineering 8, 519-534.

Dal Moro G., 2010. Insights on Surface Wave Dispersion and HVSR: Joint Analysis via Pareto
Optimality, J. Appl. Geophysics, 72, 29-140

Lunedei E. and Albarello D., 2009, On the seismic noise wavefield in a weakly dissipative layered
Earth, Geophys. J. Int., 177, 1001-1014

By studying the mentioned papers it will be possible to understand under which conditions the
different approaches must be considered valid. In a nutshell: usually body waves properly explain
HVSR only for the fundamental frequency while higher frequencies are better explained in terms
of SW ellipticity (the problem is sometimes to understand the appropriate number of modes to
adopt — also always considering the attenuation).

About the winHVSR, winMASW® 3C and Professional versions

In case you decide to use the Lunedei & Albarello (2009) code (microtremor.exe) it is
necessary to quote the Authors (you would otherwise break the related copyright law):
Albarello D. & Lunedei E. (Lunedei E., Albarello D., 2009, On the seismic noise wavefield in
a weakly dissipative layered Earth, Geophys. J. Int., 177, 1001-1014).
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Problems in HVSR computation using Surface Wave ellipticity
(microtremor.exe) [only for the 3C and Pro versions - in the Academy version
and in HoliSurface® the HVSR computation is independent and more detailed
(see the a factor box in the next pages)]

Under some circumstances it is possible that microtremor.exe so-to-say
“stalls”.
If, after few seconds the HVSR window does not react (see image down here)

B wirMASW - V3 profilc for cstimatan nfﬂ:n’_ s i)

file
Dod2 (a8 ein

It is then necessary to interrupt the process “mictrotremor.exe” in the Activity
Manager of the windows operating system (Ctrl+Alt+Canc buttons)

B
B Gestione attivita Wim_@l&lﬂ

File Opzioni Visualizza 7

‘ Applicazioni | Processi |Serwz1' I Prestazioni | Rete | Utent |

MNome immagine  MNomeut... CPU Memoria... Descrizione :|

microtrem.ex... _ )
Apri percorso file

taskmar.exe

WINWY .

WINWORD E... Termina processo

ePowerTray.exe .

Apoint.exe Termina albero processi

CSrSs.exe £ Debug

winMASW. ex... Virtualizzazione controllo dell'account utente

firefox.exe *32
retox.exe Crea file di dettagli

hpswp_dipbo...
Capture.exe ... Imposta priorita
Cap.exe *32 .
AdobeARM. & Imposta affinita...
and.exe “32 Proprieta
plugin-contain, ..
hpagpcdtex Vai ai servizi
[F1Mostra i processi di tutti gli utenti

Processi: 101 Utilizzo CPU: 52% Memoria fisica: 63%

Select the microtremor.exe button and terminate the process.

To go head it is now necessary to modify the model (as the previous one was
responsible for some problematic event in the HVSR computation).
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Modelling the HVSR (alone) in winMASW®

If you wish to model (i.e. invert) just the HVSR curve, you can do it from the single-
component analysis panel ("Velocity Spectrum, Modelling & Picking"). You simply need to
upload the HVSR curve with the button on the toolbar (HV icon with the yellow folder in
the background) and proceed with modelling (change Vs and layer thicknesses).

SURFACE WAVE ANALYSIS
FOR NEAR SURFACE
APPLICATIONS

Jolnt DeHV inv._

modelling 0
waon e wynthetics (FVS) LI
0 sl Poisonn T | 555 2
FF ' woemaR | Dwomse dq
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i = LS ——— R : e s
. AUt Spestre pion E - 5 — .
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3 = [ outomatic 0 valuias 2

B o )

cther toois & setting : 2 seporiing -

e v )| s || compnr | Tomusces | om0y | el | e pub 5] e e 0| oo 3

Beware that the HVSR significantly suffers from the non-uniqueness of the solution
(different models have the same HVSR curve), which is why it is always preferable to
model it jointly with dispersion data.

The screenshot below shows a modelling in progress. Consider and remember that, from
the window that shows up once you click the “R” button in the toolbar, it is possible to
change certain parameters related to HVSR modelling and in particular the a factor
(amount of Love waves in the modelled microtremor field) and the smoothing (expressed
as a percentage) of the synthetic HVSR curve.
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HVSR and site resonance frequency: almost an hoax
The topic is actually extremely complex and this manual is not meant to be a text book.

Here we just recall the fundamental equation regarding the HVSR peak (that surely
cannot be used in a simplistic way):

where:
Vs = mean Vs down to the horizon responsible for a HVSR peak
H = thickness of the sediments over the considered horizon/contact

For instance, in case there is a strong Vs increment at a depth of 37 m (e.g. 37 meters of
unconsolidated sandy materials [average Vs value equal to 250 m/s] over a thick gravel
layer), we should obtain a HVSR peak at about 1.7 Hz.

Remember that an HVSR peak does not necessarily means bedrock (see e.g. Dal Moro
2018 - Effective Active and Passive Seismics for the Characterization of Urban and
Remote Areas: Four Channels for Seven Objective Functions).

But, does the peak in the HVSR represents the resonance frequency?

No. See for instance Perron et al (2018) and the few evidences summarized also in
our 2020 Springer book mentioned throughout this manual.

The HVSR has been in use in seismology since about the late 1960° (e.g. Mark and
Sutton, 1975). In the 19808, in Japan, some studies were carried out in order to evaluate
its possible use in the seismic-hazard assessment (see Nakamura's papers in the
References). As a matte of fact, the relationship between the amplification during a quake
and the HVSR curve has never been clearly demonstrated and theoretical considerations
and experimental data do not support this idea which is unfortunately very popular.

Several studies (e.g. Perron et al., 2018 and references therein) have shown that the
amplification actually recorded during an earthquake significantly deviates from the HVSR

curve; see for instance the data in the following Figure.
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Comparison between the HVSR curve and the actual amplification curve obtained
from SSR (Standard Spectral Ratio) analysis from a series of accrual earthquakes
(after Perron et al., 2018). Note the significant difference between the HVSR curve
and actual measured amplification.

Therefore, the HVSR represents a valid observable to estimate the Vs of the deeper
layers (e.g. Arai & Tokimastu, 2005; Dal Moro, 2015; 2020), but it should not be
considered as an estimate of site amplification.

The a factor in winMIASW® Academy and HoliSurface®

In winMASW Academy (in the single and double-component "Velocity Spectrum, Modeling
& Picking" panels), the a factor (i.e. the amount of Love waves to be used in the HVSR
modeling) can be modified by clicking the "R" button in the upper right area of the toolbar:

some parameters -~ = Bl
reference frequency 15.96 | Hz

alfa parameter 03
(Arai & Tokimatsu, 2004)

¢ precision factor | 0,34

done

Here it is also possible to set the reference frequency and the precision of the mathematical
solution sought for computing the dispersion curves as well as the synthetics and the HVSR
(details are provided during our technical workshops).
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Automatic inversion of the HVSR curve alone

Available in HoliSurface® — a software application designed in order to exploit all the
active and passive data recorded by a couple of 3-component geophone (etc.).

In winMASW® Academy you can anyway model it. Just upload a HVSR curve in the
single-component panel and modify the subsurface model (forward modelling) so to
obtain a good match between the observed curve and the one of your model.

www.winMASW.com - geophysical software & services
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For details about the HVSR, please read the chapter about the HVSR modelling
(“Modelling HVSR”). Due to several possible issues, in order to properly perform the
automatic joint inversion it is highly recommended to read (and fully understand) the
following papers:

Dal Moro G., 2011. Some Aspect about Surface Wave and HVSR Analyses: a Short Overview
and a Case Study, BGTA, 52, 241-259 (visit www.winMASW.com for a draft of it)

Albarello D. and Lunedei E., 2010. Alternative interpretations of horizontal to vertical spectral
ratios of ambient vibrations: new insights from theoretical modelling. Bulletin of Earthquake
Engineering 8, 519-534.

Dal Moro G., 2010. Insights on Surface Wave Dispersion and HVSR: Joint Analysis via Pareto
Optimality, J. Appl. Geophysics, 72, 29-140

The panel (see figure down here) is completely similar to that related to the joint analysis of
Rayleigh and Love dispersion, thus it does not need any special description.

EIEIE] 2|

|— Input picked dispersion curves ——— — Dispersion curve(s) and HVSR.

250

1. Input dispersion curve | Rayleigh | |Phase vel. = |
2. Input HVSR

200

150
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PurHV-noheaderlfnes - short.ixt
— Humber of layers &
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’75 g "umoer (frmastm'ﬁngrrme.l

of layers

D force search space [E

HVSR modelling according o | Body Waves ~|
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[ 30 | number of generations

: = {min 10 - max 400} E]

[0 ]

] p and density optimization

Qutputting .
’7 output folder 2]

0 200 400 600 800 1000 1200 1400
www.winmasw.Corm Vs (m/s)

Some points must be kept in mind very carefully (especially about HVSR):

1. If you are using body waves you should consider fundamental period (resonance) only (thus
remove from the HVSR curve all the data referred to higher frequencies — in the above-reported
example we should remove the frequencies higher than about 4 Hz

2. If you are using surface waves (ellipticity) you must considering 2 main points:

a. large computational times

b. possible computational problems which can stop the inversion procedure (see box “Problems
in HYSR computation using Surface Wave ellipticity (microtremor.exe)”)
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To get deeper into the topic you can read the two following paper:

Alternative interpretations of horizontal to vertical spectral ratios of ambient vibrations: new
insights from theoretical modelling (Albarello D. and Lunedei E., 2010). Bulletin of Earthquake
Engineering 8, 519-534.

Insights on Surface Wave Dispersion and HVSR: Joint Analysis via Pareto Optimality (Dal Moro
G., 2010), J. Appl. Geophysics, 72, 29-140

For these and other reasons that we recall during our workshops, it is always preferable to adopt
the forward modelling approach from the “Velocity Spectrum, Modelling & Picking” panel rather
than the automatic inversion.

In the following figures an example of joint analysis of the HVSR curve together
with the effective dispersion curve obtained from ESAC analysis

See also:
http://www.winmasw.com/download/prodotti/Report-ESAC-HVSR-winMASW.pdf
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ESAC data
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Rayleigh wave dispersion file: ESACdcORIGINAL.cdp
HIV curve: 16STEI-2-HVSR.hv

Vs30 (minimum-distance model): 183 m/s

Vs30 (mean model): 185 m/s
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RPM analysis

The RPM (Rayleigh-wave Particle Motion) frequency curves were introduced in the
"Analysis of Rayleigh-Wave Particle Motion from Active Seismics" paper (BSSA, Dal
Moro et al., 2017).

The RPM frequency-offset surface is the so-to-speak extension of the RPM frequency
curve in case we are dealing with multi-offset data.

The RPM frequency-offset surface is a further "object" that can be analyzed in order to
infer further information about the subsurface conditions and the seismic hazard (see also
the role of strong motion rotations in the response of structures near earthquake faults -
Trifunac 2009, Soil Dynam. Earthquake Eng., 29 382-393).

In the "joint analysis of Surface Waves" panel, you must upload the datasets of the Z
(vertical) and R (radial) components of Rayleigh waves (so the ZVF+RVF or ZEX+REX
files).

Data acquisition for the analysis of the RPM (frequency-offset) surface

The RPM analysis necessarily requires the acquisition of both the vertical and
radial components of Rayleigh waves.

This can be accomplished by adopting an acquisition setting like the one shown the
figure (two seismic cables: one with n vertical geophones and a second cable with
n horizontal geophones, set radially with respect to the source).

Rayleigh Waves

Simultaneous Joint Acquisition of the Vertical (Z) and Radial (R) Components

s_._._n_n_n_-_-_n_-_n_n_n

seismograph|

L——-—————-—-——-—-—-—-—-—-—

‘0 Z (vertical) geophone == R (horizontal/radial) geophone \

This way you will simultaneously acquire both the components.

But you can also decide to acquire the data in two steps (this is for instance
necessary in case you have only 12 channels): first you use the vertical geophones
and acquire the Z component, and then you change the geophones and acquire
the radial (R) component. In other words the acquisition of the two components
does not have to be simultaneous.
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Once you have uploaded and possibly cleaned a bit the data, with the "RPM offset-freq"
button you will compute the RPM frequency-offset surface of the uploaded data.

Please notice that the novelty of this technique(s) definitely requires some training (that
we provide during our workshops).

Here an example [the dataset is clearly about the Z (vertical) and R (radial) components]:
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We here must assume that the polarity of your data is the correct one (see the "Polarity of
the geophones" box later on).

By clicking the "RPM offset-freq" button (in the lower/central part of the panel), you will
obtain the RPM frequency curves for each offset and the RPM offset-freq surface:

Field Data: RPM frequency curves Field Data: RPM surface
I RETROGRADE ;[ . '

Retrograde [+1]

T
the thicker, the more distant]

'§ g 0.5
s
° b 0
5 g 0
© - =

S

©.05

Kl
40
30 Prograde [-1]

40 offset (m)
frequency (Hz) frequency (Hz)

Such a "surface" can be analyzed together with dispersion data of the two (Z and R)
considered components.

In the "forward modelling" approach (i.e. by manually modifying the model parameters (in

the right part of the panel), you can compute the synthetic spectra of the Z and R
components and, having computed the RPM surface of the field data (such a operation
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will automatically activate the "RPM" option in the "synthetics (FVS)" group [lower/right
part of the panel]), the synthetic RPM as well.
This way you can "visually" verify the overall consistency of your tentative model.
If you find a model which is "good but not great", you can save it ("save model") and use
it as starting model to optimize in the "Joint inversion of Rayleigh waves (disp + RPM)"

panel (see next paragraph).

After playing a bit with the model, if you end up with an overall consistency such as the

one shown in the next two figure, it means that your model is good enough (i.e., your

model generate synthetic data which are very close to the observed one).
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In fact, you can clearly see the overall congruency of the field and synthetic data
(incidentally, in this case, you can clearly see that, for frequencies higher than about 5Hz,
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this site determines a strongly prograde motion of the Rayleigh waves).
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On the other side, it is equally clear that the bad consistency obtained in the following
case (see next two figures) is the evidence that the subsurface model is not the "right"
one (the difference between the field and synthetic data is definitely too large).
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Important: the polarity of the geophones

In order to properly process the data (thus get the right RPM surface) it is clearly
crucial to know the polarity of your vertical and horizontal geophones and properly
orientate the horizontal ones (about the polarity we fundamentally adopted the same
convention used by Prof. Herrmann).

It is in fact clear that if you rotate your horizontal geophones by 180°, you will end up
with a different (reversed) RPM surface (so, in order to get the right data, you must
know the theory behind and the characteristics of your equipment).

Please notice that we can provide tested geophones (together with our Holi
acquisition system [see our web site - www.holisurface.com)).
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Joint ("automatic”) inversion: ZVF+RVF (FVS approach) + RPM surface

The "Joint inversion of Rayleigh waves (disp + RPM)" panel allows the uploading of the

two (Z and R) velocity spectra (we do not deal with dispersion curves!) and the RPM
surface for the automatic inversion.

Please, notice that this sort of inversion (involving the FVS approach, i.e.
the creation of synthetic traces/data) it is necessary a very good CPU (the
software relies on the parallel computing).

For details see the “System requirements” section of this manual.

We then upload the three "object" that we want to (automatically) invert:

4] wirlASWE - Joint Inversion of RVSR, RPM or HVSR jointly with Vertical & Radial Components of Rayleigh-Wave Dispersion
o E%%E90 0|4

|
7 input data

data & search space

it spectrum velocity spectrum (ZVF-spectrum) Field DataRayleighParicleMotion-2.9354-40.1174Hz.RPM

-component spectrum

3. Input RPM data i 40117 maxt.

Vertical Foree (VF} v

array lengtn (m): | 63

600

@
3
S

correlation

velocity (m/s)

S
S
S

option#2

small 55 starting model

@
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N
=}
S

40

offset (m)
& | number o modes 9 10 15 20 25 30 35 40 10
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20

velocity spectrum (RVF-spectrum)

velocity (m/s)

smart ~| computational detai

outputting
outputfolder | |2

RUN

5 10 15 20 25 30 35 40
www.winmasw.com frequency (Hz)

We must then fix the "search space" starting from a model that you were previously
working with in the "forward modelling" section (see previous paragraph) and, once you
fix the inversion parameters /(basically the number of individuals/models and the number
of generations) and the depth down to which you want to plot the final models (by default
such a value is fixed to 2/3 - two thirds - of the array length), you can eventually launch
the inversion process (RUN button).
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The 3 "most important” final models (minimum global, minimum distance, mean model):

Minimum global model (vertical component) Minimum-distance model (vertical component) Mean model (vertical component)
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(actually the most important ones are the minimum-distance model and the ,mean one
(obtained as mean/average model of all the Pareto-front models)

Brief statistical analysis (focused n the Vs30 parameter) of the Pareto-front models:
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Useless to underline that this sort of analyses can be proficiently performed only after a
sufficiently-serious training on both some theoretical and practical aspects.
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Vs vertical profiles of the final "best models": if the Vs profiles are sufficiently similar, it
means that the data were good and the inversion procedures was properly set up.

vertical Vs profile
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Please visit regularly our web site and social media (facebook and youtube)
to keep up to date with our case studies, video tutorials etc.
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RVSR analysis

In winMASW® Academy, together with the RPM curves, you also obtain the RVSR
(Radial-to-Vertical Spectral Ratio) curves for all the offsets (see for instance the "Shear-
wave velocity profiling according to three alternative approaches: a comparative case
study" paper).

Recommendations:

1) to analyze the RVSR you need to use vertical and horizontal geophones with the same
response curve;

2) ideally, the acquisition of the Z (vertical) and R (radial) components is accomplished
simultaneously (see scheme reported below); in case you want to acquire the two
components separately (e.g. first the Z and then the R component), please use a large
value for the stack (not less than 8) and try to use the same force for all the shots.

Rayleigh Waves

Simultaneous Joint Acquisition of the Vertical (Z) and Radial (R) Components

fj_l_ﬁ_l—l—h—l—ﬂ—l—l—._l

seismograph|

&-—-—————-—-—-—-—-—-—-—-

® Z (vertical) geophone == R (horizontal/radial) geophone
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Brief introduction

The actual and main problems of the estimation of the site effects are:

1. Many of the Vs profiles used are significantly incorrect (because are based on
interpreted single-component data);

2. The probabilistic approach (PSHA) used to select the input earthquakes is strongly
criticized by a large part of the scientific community.

Given these bottom-line problems, it is completely useless to try to be exceedingly
“sophisticate” about secondary aspects such as, for instance, the G/Go curves and so on.
Always consider the warning by Matthew (the Gospel according to Matthew, 23-24): "You
blind guides! You strain out a gnat but swallow a camel. "

So, please, consider that the first two problems to face and properly solve are:

1. define an accurate subsurface model from the joint analysis of Rayleigh + Love +
HVSR (see our recommended procedures)

2. define the input quakes in a professional way (see e.g. Fasan et al., 2016).

Here few further reasons why not to waste too much energy on insignificant aspects:

1. response spectra are defined for a SDOF (Single Degree Of Freedom) model, which is
a first approximation valid only for buildings with a very simple behavior;

2. the damping factor of the structure (usually monolithically fixed at 5%) is a further
question mark (i.e., a variable). Trying to vary the damping of the structure from, for
example, 3 to 7% you can see how it also has a weight in determining the final response
spectra. To realize how much the damping of a structure can vary in relation to the
amplitude of the input, see for example Naito & Ishibashi (1996).

3. the Q factors (damping) of the subsurface model are difficult to estimate (and lab tests
often provide values that cannot be easily attributed to large-scale structures).

It is therefore recommended to do everything that can and should be done in order to get
the real point, without wasting time in negligible secondary aspects.

Among the several misconceptions often adopted while assessing the so-called
site effects, we can recall that the idea that the HVSR curve represents the so-
called site amplification is erroneous. This is known both from theoretical
considerations as well as from experimental data. You should give a look, for instance, to
the article by Perron et al. (2018) where the actual amplification obtained from the SSR is
compared with the HVSR (see figure here below).

As you can see, the difference is huge.
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Two types of quakes (and spectral shapes)

Depending on the characteristics of the earthquakes characterizing the
local seismotectonic regime, the EC8 considers two types of sources:
*Type 1-High and moderate seismicity regions (Ms > 5.5)
*Type 2-Low seismicity regions (Ms < 5.5) [near field earthquakes]

Depending on the chosen regime, the spectral shapes change (please,
refer to your local national regulations).

Quality factors and damping
Always remember to properly set the quality factors (Q) of your model. A
simple rule of thumb is that, roughly speaking, the Qs factors are approximately

equal to the Vs values divided by a factor that can vary from about 10 to 15 (in
the software this factor is called K factor). Also remember that:

D=1/2Q

The damping value (D) is usually expressed as a percentage; therefore such a
value is multiplied by 100.
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How the site effect panel works (in brief)

The determination of the local site effects (and computation of the response spectra)
requires the following three steps to be accomplished very carefully:

1) accurate (non-ambiguous) determination of the Vs profile down to the bedrock
2) determination of a series of "reference quakes" at the local bedrock

3) simulation of the shaking effect and computation of the Response Spectra

Errors in the Vs profile and/or in the chosen reference inevitably lead to the definition of

inaccurate or erroneous response spectra.

With respect to point #2, we recommend you to attend our workshops and/or read the
specialized literature. The issues related to quake generation/selection is rather complex
- see the debate on the correctness of the probabilistic approach (PSHA - Probabilistic
Seismic Hazard Assessment) compared with the physical approach (NDSHA -
NeoDeterministic Seismic Hazard Assessment). The fundamental difference is that the
reference quakes are chosen according to a “probabilistic scheme” in the first case while
modelled according to the regional seismotectonic regime in the second case.

The quakes that you will decide to upload for the computation of the final Response
Spectra are your responsibility (winMASW® / HoliSurface® does not generate them) and

should be chosen according to scientific considerations and/or your national regulation.

In short terms:

1) determine an accurate Vs (and Qs) profile through the joint analysis of seismic
data possible with winMASW® / HoliSurface®

2) In the Site Response panel, upload the obtained subsurface model together with
the HVSR curve

3) Upload the “reference quakes” (i.e. the acceleration at the local bedrock) following
the “line” that your national regulation suggests [be aware of the differences
between the PSHA and the NDSHA approaches]

4) Compute the site response (“Compute site response” button in the lower right

corner)

In the following are described the parameters to set up.
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Setting the parameters

Once defined the right Vs profile (which must be consistent with all the available data)
you can access to the panel by clicking the Site Response button:
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click the right butten
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INMasw.com

The following panel will show up:

By default the model uploaded is the one active in the moment you click the "Site
Response" button, but it can be modified by uploading a different (previously-saved)
model by clicking the "input subsurface model" button.
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Parameters to set up:

reference depth (m)

Depth of the foundation of the building (output results are computed while considering
such a depth as the free surface).

"input quake(s)"

Specify the unit of measurements (m/s? or cm/s?).
Fix the number of header lines in the data (accelerograms) you are going to upload.
You can upload two kinds of time series:
1) with two columns the first one represents the time (in seconds), the second one
the accelerations)
2) with just one column (just the accelerations)

In_case you have only the acceleration column (this is the case of the format used by
REXEL LITE), you must specify the sampling interval (in_seconds). You can find the
sampling interval in the header lines (for instance “SAMPLING_INTERVAL_S: 0.005000”
means that the sampling intervals is 5 ms, i.e. 0.005 s).

Also fix the smoothing to apply while processing the spectra.

In the following are reported some examples of possible file formats. Fixing the correct
parameters is clearly crucial.
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Example#1

Example of acceleration history/file with no header line (header value: 0) and
acceleration expressed in m/s2:

0.0000000e+000 0.0000000e+000
5.0000000e-003 -3.2748000e-004
1.0000000e-002 -6.6074000e-004
1.5000000e-002 -6.6930000e-004
2.0000000e-002 -6.7780000e-004
2.5000000e-002 -6.8632000e-004
3.0000000e-002 -6.9493000e-004
3.5000000e-002 -7.0372000e-004
4.0000000e-002 -7.1276000e-004
4.5000000e-002 -7.2215000e-004
5.0000000e-002 -7.3195000e-004

1. input quake(s)
0 number of header lines

Imfsh2  ~ | unit {time, acceleration e

input q_uake:(:.)'-.” show quake(s)

8 | spectral smoothing (%)

'0_01 Cdt (in seconds)

Example#2

In case, for instance, the first line would report the site name and the second its
coordinates (or any other information), we should indicate "2" header lines.

Berlin
52°31'00”"N 13°2320"E
0.0000000e+000 0.0000000e+000
5.0000000e-003 -3.2748000e-004
1.0000000e-002 -6.6074000e-004
1.5000000e-002 -6.6930000e-004
2.0000000e-002 -6.7780000e-004
2.5000000e-002 -6.8632000e-004
3.0000000e-002 -6.9493000e-004
3.5000000e-002 -7.0372000e-004
4.0000000e-002 -7.1276000e-004
4.5000000e-002 -7.2215000e-004

1. input quake(s)

2 number of header lines

im/st2 v | unit {time, acceleration v

input quake(s) show quake(s)

8 | spectral smoothing (%)

0.01 | dt(in seconds)
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Example#3 [REXEL lite]

In this case we have 64 header lines, just one column with the accelerations, the
accelerations expressed in cm/s"2 and the sampling interval equal to 5 ms

EVENT_NAME: CENTRAL_ITALY

EVENT_ID: EMSC-20161030_0000029

EVENT_DATE_YYYYMMDD: 20161030

EVENT_TIME_HHMMSS: 064018

EVENT_LATITUDE_DEGREE: 42.8322
EVENT_LONGITUDE_DEGREE: 13.1107

EVENT_DEPTH_KM: 9.2

HYPOCENTER_REFERENCE: INGV-CNT_Seismic_Bulletin
MAGNITUDE_W: 6.5

MAGNITUDE_W_REFERENCE: INGV-webservice

MAGNITUDE_L: 6.1

MAGNITUDE_L_REFERENCE: INGV-CNT_Seismic_Bulletin
FOCAL_MECHANISM: NF

NETWORK: IT

STATION_CODE: MMO

STATION_NAME: Montemonaco

STATION_LATITUDE_DEGREE: 42.899300
STATION_LONGITUDE_DEGREE: 13.326800
STATION_ELEVATION_M: 1030

LOCATION:

SENSOR_DEPTH_M: 0.0

VS30_M/S:

SITE_CLASSIFICATION_ECS8: A*
MORPHOLOGIC_CLASSIFICATION:

EPICENTRAL_DISTANCE_KM: 19.2
EARTHQUAKE_BACKAZIMUTH_DEGREE: 247.2
DATE_TIME_FIRST_SAMPLE_YYYYMMDD_HHMMSS: 20161030_064005.480
DATE_TIME_FIRST_SAMPLE_PRECISION: milliseconds
SAMPLING_INTERVAL_S: 0.005000

NDATA: 12000

DURATION_S: 60.000

STREAM: HGN

UNITS: cm/sA2

INSTRUMENT: sensor = Unknown [Unknown] | digitizer = Unknown [Unknown]
INSTRUMENT_ANALOG/DIGITAL: D
INSTRUMENTAL_FREQUENCY_HZ:

INSTRUMENTAL_DAMPING:

FULL_SCALE_G:

N_BIT_DIGITAL_CONVERTER:

PGA_CM/S"2: -185.085632

TIME_PGA_S: 22.245000

BASELINE_CORRECTION: BASELINE REMOVED

FILTER_TYPE: BUTTERWORTH

FILTER_ORDER: 2

LOW_CUT_FREQUENCY_HZ: 0.050

HIGH_CUT_FREQUENCY_HZ: 30.000
LATE/NORMAL_TRIGGERED: NT

DATABASE_VERSION: DYNA 1.0

HEADER_FORMAT: DYNA 1.2

DATA_TYPE: ACCELERATION

PROCESSING: manual (Paolucci et al., 2011)
DATA_TIMESTAMP_YYYYMMDD_HHMMSS: 20170711_162914.567
DATA_LICENSE: CC-BY3_0-IT (http://creativecommons.org/licenses/by/3.0/deed.en)
DATA_CITATION: Luzi L, Puglia R, Russo E & ORFEUS WG5 (2016). Engineering Strong Motion
Database. Istituto Nazionale di Geofisica e Vulcanologia, Observatories & Research Facilities for
European Seismology. doi: 10.13127/ESM
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DATA_CREATOR: ESM working group

ORIGINAL_DATA_MEDIATOR_CITATION: Ufficio Rischio Sismico e Vulcanico del Dipartimento
della Protezione Civile (http://www.protezionecivile.gov.it/)

ORIGINAL _DATA MEDIATOR: Rete Accelerometrica Nazionale - RAN Download
(http://www.mot1.it/randownload/)

ORIGINAL_DATA_CREATOR_CITATION: Italian Strong Motion Network, Italian Civil Protection
Department http://www.protezionecivile.gov.it

ORIGINAL_DATA_CREATOR: network: IT (ltalian Strong Motion Network); owner: Dipartimento
Della Protezione Civile

USER1: /home/dyna/processing-itaca/processing.py
/var/www/processing//tmp/Lucia//IT.MMO..HGE.D.20161030.064018.X.ACC.ASC
/var/www/processing//tmp/Lucia//I[T.MMO..HGN.D.20161030.064018.X.ACC.ASC
/var/www/processing//tmp/Lucia//IT.MMO..HGZ.D.20161030.064018.X.ACC.ASC --tmp
/var/www/processing//tmp/Lucia/ --le 0.050 --he 30.000 --In 0.050 --hn 30.000 --1z 0.050 --hz
30.000 --fo 2 --ca-10 --cz 130 --ta 5 --tz 5 --mf 1 --rf 0.005 --tr NT

USER2:

USERS:

USER4:

USERS5:

0.000000

0.033719

0.067431

0.067420

0.067407

0.067392

0.067376

0.067357

0.067337

0.067316

0.067292

Therefore you will you have to fix the following parameters:
Number of header lines: 64

Unit: cm/s”2 (see header lines)

Data format: just acceleration (one column)

dt (sampling interval in seconds): 0.005 (see header lines)

1. input quake(s)

64 @ number of header lines
‘em/sh2 v unit acceleration v |

input quake(s) J show quake(s)

8  spectral smoothing (%)

0.005 dt (in seconds)
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ag (g) [peak acceleration in Earth gravity unit]

In the PSHA approach, the quakes are normalized/scaled to the peak acceleration value
defined by your national regulations. Such a peak value depends on the kind of building
you are considering and on the chosen return period.

If you specify an ag value higher than zero, the input acceleration (which must be in m/s?
or cm/s?) are scaled so that the maximum acceleration of each quake is equal to the
specified ag value (which is in g - earth gravity - unit).

In case you do not want to scale (i.e. modify the amplitudes) your quakes (as for instance
in the NDSHA approach), just let zero (0) the ag value.

building damping (%)
Response Spectra are computed while considering such a damping value.
Usually the value is fixed to 5% but the structural engineer might ask for a different value
which better expresses the characteristics of the building under study (see e.g. Naito and
Ishibashi, 1996).

reference depth (m)

It is the depth where you want to compute the site effects. In simple terms: in case the
foundation level of the building is for instance at 1 m from the surface, you should put 1.
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For Italian users following the PSHA: defining the ag Tc & FO parameters

1) upload a georeferenced photo [see button in the upper left corner of the panel]

P1_20210709_113658.jpg
Altitude: 190 m

Lat: 46 5 43.4562N

Long: 13 28 427369E
Lat: 46.0954045000000007803465 N

Long: 13.4785380277777768753822 E

E
a
U
3
il
1
E
c
3
2
3
3

2) fix the return time [tempo di ritorno], which depends on the structure you are going
to assess and the local regulations

3) click the “compute spectral parameters” button so to obtain the ag Tc and FO
values necessary for the computation of the final response spectra (based on the
PSHA approach).

[Lat: 46.095405 - Long: 13.4TE538)
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Italian National Gri
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An old example

Please, notice that several data/spectra are reported both as a function of frequency and
period. As usual, all the figures are automatically saved in the working folder.

4 HoliSurface® & winMASW® - Site Response - x
=R ERWACEN e
input subsurface model 0 —1,'
1 reference depth (m) 1
50
input quake(s) =
£ 100
input quake(s) | show quake(s) g
ms*2 v unit %
=
10 | smoothing (%) 150
0 | number of header lines
00
0.208 ag (g) peak acceleration e
5 | Building Damping (%) by
0 200 400 600 80D 1000 1200

Ve {m/s)

www.winmasw.com verbose | compute site response |

Uploaded quakes (with their original amplitudes):

Original Input quake(s)
T 1

I
——000055xa_record
——000368xa_record

004674xa_record
4 — ——004675xa_record [
—008332xa_record
007142ya_record

S

acelleration [same unit as input]
) o

6 I | I I
0 10 20 30 40 50 60 70

time (s)
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Uploaded Vs model, modelled HVSR (from surface and body waves) together with the
SH-wave transfer function [often improperly considered the “amplification curve”] and, in
the lower right corner, the amplitude spectra at the chosen reference depth (see
“reference depth (m):” in the main panel):

Vs model [Ref. depth: 1 m]

“
| M
50 9
100 1
150
200 q
1
200 400 600 300 1000 1200
VS (mis)
[Ref. depth: 1 m]

10

—-—- gimulated HVSR (Surface Waves)
====cimulated HVSR (Body Waves)
mm Amplification [SH-wave transfer function]

frequency (Hz)

Amplitude

«10°

Site Response [Ref. depth: 1 m]

frequency (Hz)

Normalized quakes (time series are multiplied so that the maximum value is set equal to
the specified ag value — standard PSHA approach), FFT of the input quakes (normalized)
as a function of both frequency and period, amplitude spectra at the reference depth:

Scaled amplitude (g)

02F

0.15

o

0.08

o

-0.05

.
i
o

-0.15 [

-0.2

Scaled amplitude (g)

Scaled Input Quake(s) [time domain]

10

20

|
|

|

|

R

30 40 50 80 70
time (s)

Input Quake(s): FFT

1 Y Y SN A I S S

0.8 1 12 14 16 18
period (s)

Scaled amplitude (g)

Scaled amplitude (g)

@

m

-

=]

Input Quake(s): FFT

frequency (Hz)

1073 Site R FFT
U
%o~ T = S .
e =
0.2 0.4 0.8 1 1.2 14 1.6 1.8 2

period (s)
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Response spectra at the reference depth (in this case 1 m from the surface) as a
function of the frequency (linear and logarithmic scales).

Pseudo-Acceleration Response Spectrum [linear-linear scale]

25

%]
T

Pseude Acceleration (g)
P

2 4 6 8 10 12 14 16 18 20
frequency (Hz)

Pseudo Acceleration (g)

Pseudo-Acceleration Response Spectrum [log-log scale]

frequency (Hz)

Response spectra at the reference depth (in this case 1 m from the surface) as a

function of the period (linear and logarithmic scales).

Pseudo-Acceleration Response Spectrum [linear-linear scale]
T T T T T T T

25

)
T

)
T

Pseudo Acceleration (g)

. . . . ] ! 7
0.2 04 0.6 0.8 1 1.2 1.4 1.6 1.8
period (s)

Pseudo Acceleration (g)

N
=)
°©

Pseudo-Acceleration Response Spectrum [log-log scale]

period (s)

The response spectra are automatically saved as ASCI| files in the working folder with file

names that clearly indicate the content:

All_Response_Spectra_Frequency.txt
All_Response_Spectra_Period.txt
Mean_Response_Spectrum_Frequency.txt
Mean_Response_Spectrum_Period.txt
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The following snapshot reports an example of the verey final figure summarizing the main
facts (from another site/silutation). Each plot clearly reports the meaning/labels of the

shown curves/functions.

Vv, model [Ref. depth: 1 m]

=1
=]

depth (m)
»n
b=}
=

E
0
u 300
3 ‘ —
% 500 1000 1500 2000
E VS (mis)
E
0 ;

g ‘—QS model
§ _100

E

o]

%ZDD

o

300
50 100 150
Q,

Shown:

pseudo acceleration (g)

Ag (g): 0.15931; damping: 5% qhservad and mgdelled HVSR @.suﬂacg

—test#1 == experimental HVSR
[E== nodal [ facs Weivos]: [/ 0:2]

oo

o o o o
s~ O

8}

0.5 1 1.6 2
period (s) frequency (Hz)

' ! ! R
Reference depth: 1 m il
el

i

simuiated HYSH [SW]
—-—- simulsted HUSR [FA]

S wrave fransfer function

091 3 7
frequency (Hz)

1) the Vs and Qs values of the upload model;

2) the uploaded and modelled HVSR curves [upper right graph];

3) the SH-wave transfer function [red line] together with the uploaded and modelled
[according to both surface and SH waves] HVSR curves;

4) the response spectra for all the uploded input quakes together with the mean curve
and the regularized one (see “spectra regularization” box in the next pages) [central

upper plot].
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Site Response in the recent releases of winMASW® Academy & HoliSurface®

Once the correct Vs profile has been obtained (a model can be considered correct only if
it is in agreement with multi-component data — see all the examples shown in this
manual), click the "Site Response" button and access the Site Response tool.

In case you click the “Site Response” button from the analysis panels, the subsurface
model and the HVSR curve are automatically uploaded but it is possible to (re)upload
both ("upload subsurface model" and "upload HVSR curve" buttons in the Site Response
panel).

Remember that by simply hovering the mouse over a button, a brief description/help
shows up.

Sequence to follow:

The first three operations can be performed only by ltalian users (since, so far, the table
data are available only for ltaly). In case you are working in a different country, you must
set the ag, Tc and FO value by yourself (following your national building codes).

1) Optional but recommended: upload the georeferenced photo [button "photo
[recommended]" top left] so that the software can automatically obtain the latitude and
longitude [alternatively, if you do not have a georeferenced photo, enter these values
manually];

www.HoliSurface.com

GOPRESES.JPC
Altitude: 71.756 m

Lat: 45 53 52.507 N

Com

Long: 13 23 S7T1204E
Lat: 45.8979185999722218880423 N

Long: 13.3992026000000006291657 E

3
]
]
£
L
S
3
3
s

2) set the value of the return time (which depends on the type of work under study);

3) Click the "compute spectral parameters” button (top left), thanks to which we will
obtain the parameters (ag, Tc and F0) used for the following operations;
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FOR iTALI UGERS [STEPSH]
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[ep————— o
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| —
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1. input quake(s}

2. Site Effect and Response Spectra
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Spectral parameters determined on the basis of the site (latitude and longitude)
and return time. So far this operation can be done automatically only for Italian
users. For studies outside the Italian territory, the ag, Tc and FO parameters need
to be fixed manual (based on the values tabled the local national building codes).

4) Now, after checking the correctness ag, Tc and FO parameters, you can upload the
reference earthquakes (referred to the local bedrock) [use the "input quakes" button in the
"1. Input quake(s)" group box];

We are now ready for the final computation: click the "compute site response” button
in the "2. Site effect and Response Spectra" group of the panel.
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An example of what you get in the end:

v model [Ref. depth: 1 m] Ag (g): 0.15931; damping: 5%

\?bsewad and mp\#elled HVSR @‘surfacq

—lesti1 == experimental HYSR
— = model [Surface Waves] [n: 0.2]

depth (m)
pseudo acceleration (g)

L ———— ] L s
500 1000 1500 2000 0.5 1 1.5
Vg (m/s) period (s)

' 3 . o b i
‘_QS model Reference depth: 1 m {13
!

E
0
1]
3
n
]
E
C
3
3
3
3

depth (m)

i I I
50 100 150 091 3 7
frequency (Hz)

Seismic Response Spectra and computation of the SH wave transfer function (red curve
in the bottom right plot - this curve is usually improperly considered as the amplification
curve). In this case the foundation (reference) depth was 1 m.

Note how the response spectrum/a is/are also provided after regularisation (see
box in the following pages).

regularized spectrum

FO: 3.4174 0.6
; §os
U Td: 1.6696 -
2 : :
Jl 004} \
rD 8 | k.’\
E Tc: 0.42609 $ 03|}
L & | "
2 Tb: 0.14203 3 0.2] =
3 2
2 0.1
amax: 0.17079
0 L L L
0 0.5 1 1.5 2
TIs]

Some 'guidelines’ require that such simulations are carried out for a number of so-
called limit states which depend on the structure we are considering. The specific limit
state can be reported in the 'notes' field so that it appears in the legend of the
obtained plots. For details refer to your national building codes.
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Some relevant notes

In case you do not upload any quake, the tool will provide you just the outcomes shown in
the following snapshot, i.e. the uploaded and modelled HVSR curves and the SH-wave
transfer function. Compare the following snapshot with the one shown in the previous
page (obtained while having uploaded a series of quakes).

Vs model [Ref. depth: 1 m]

observed and modelled HYSR @ surface

= cxperimental HYSR
- = madel [Surface Waves] [o:0.3]

3 =

. www.winmasw.com

g
500 1000 1500 2000
Vg (mis)

—05 maodel Reference depth: 1 m
100 | |
" '*-,__\

e
50 100 150
Qg frequency (Hz)

depth (m)

depth (m)
a3
[=1
o

w
=]
o

As a matter of fact, the SH-wave transfer function does not represent what happens
during a real earthquake since the actual wave phenomena are much more complex and
depends on the kinds of quakes, the azimuth with respect to the source and much more.
The wave distortion due to the local site effects are different for the body and surface
waves (and, clearly, the SH-wave transfer function cannot consider the surface waves -
see Bowden and Tsai, 2017);

Remember that the final accuracy of the obtained response spectra depends on the
accuracy of two key parameters:

=>» the subsurface model (Vs and Qs values — these latter determine the attenuation)
=>» the accuracy of the input (reference) quakes [i.e. the quakes at the local bedrock]

You should also always consider that the “unknown variables” are innumerable and it is
therefore pretty naive to put too much emphasis on singular/specific aspects. So just be
sure that your Vs (and Qs) model is well constrained and invest some of your time in
studying all the problems and ambiguities of the PSHA approach (i.e. on the way you
choose the reference quakes).

If you attend a course/lecture/workshop about the computation of the local site effect (and
the response spectra) be careful and try to understand whether it is a serious course
about the physics of the considered wave phenomena or if it is a meeting about the
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national regulations about it. This is a crucial point: do they want to teach you how
seismic waves propagates (and modify their amplitudes) or do they want to tell you the
“legal” aspects and the “practical steps” to perform in order to obtain some curve to sell to
your final client without let you understand what and why from a scientific point of view?
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SPECTRA REGULARIZATION
regularized spelctrum

FO: 18.0927 157
Td: 1.6335
Tc: 0.38489

Th: 0.1283 0.5

pseudo-acceleration

E
0
0
3
Jl
T
£
c
2
3
3
3

a__ :0.082122
max

0 05 1 15
T [s]

The final mean response spectrum is also “regularized” so to obtain the standard FO, Td, Tc, Tb
and amax values. This is done according to the schemes presented in:

Newmark N.M. and Hall W.J., 1982. Earthquake spectra and design. EERI Research Report,
82- 71183, 103 pp.

[talian users can also refer to:

Liberatore D. and Pagliaroli A., 2014. Verifica della sicurezza sismica dei Musei Statali.
Applicazione O.P.C.M. 3274/2003 s.m.i. e della Direttiva P.C.M. 12.10.2007. Convenzione
Arcus — DG PaBAAC Rep n. 113/2011 del 30/09/2011

Decreto n. 55 (April 24 2018) and NTC 2018 (Italian seismic regulations)

Chapter 2.5.4.3.1 of the “Indirizzi e criteri per la Microzonazione Sismica” volume of the
Dipartimento di Protezione Sismica (Editors Bramerini, Di Pasquale, Naso, Severino).

Please, note that regularization is questionable because it alters the response spectra
that you computed while considering the actual Vs profile and the input reference
quakes. It is done to facilitate the work of the engineers that are not able to consider the
actual shape of the computed response spectrum but its cogency is questionable.

Note that when the actual shape of the mean response spectrum is particularly complex
irregular and sharp, the regularized spectrum can significantly differ from the original
computed spectrum.

V2 V3
il = NTC 2018 (C - T1) = NTC 2018 (C - T1)
¢ O (... 2D Analysis === 2D Analysis
1l ~— 2D Regularised 2D Regularised
— ~— 1D Analysis 1D Analysis
Input motion 7 Input motion

-
-
-
=

T T p—

1 2
Period, T [s]

Example of regularised response spectrum [continuous red line] (see the significant difference
with the Analysis [dashed red line]). From Pagliaroli et al. (2019).

1 2
Period, T [s]
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A further example of regularised response spectrum [green line] (see the significant
difference with the mean response spectrum obtained through the analysis [red thick

line]).

Below, a final example where the regularized spectrum is not too far from the computed
one [red thick line]: this happens cause the computed spectrum has a pretty “simple”
shape not far from the one expected on the basis of the regulation assumptions.
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Tool available in the Academy version

In both the single- and double-component analysis panels, a tool for the back-scattering
analysis is available (Back-scattering button). Such an operation is performed via fk
filtering and spectral analysis (details are illustrated during our workshops).

Through the back-scattering processing, it is possible to analyze the seismic signal in
order to identify/highlight possible backscattered energy possibly related to the presence
of inhomogeneities in the subsurface (e.g. cavities or intrusions).

In case such inhomogeneities are large enough (and not too deep) it is possible that
some Energy is “reflected” (back scattered). The analysis here described is aimed at
verify if any backscattered energy is actually present.

How deep and large must be a cavity/intrusion to be identified by the back-scattered
energy?

As a matter of fact, it is pretty impossible to provide a precise and universal answer.
Roughly speaking, we might think that we have the chance to see the back-.scattered
energy only for cavities at a maximum depth of about 3-4 m and with dimensions non
smaller than a couple of meters.

This is one of those situations where it is impossible to provide general answers and
simplifications are, as usual, pretty dangerous.

It is important to underline that, unlike the analysis of the dispersion for the determination
of the Vs profile, for this kind of analyses it is important to deal with datasets with a large
number of traces (and with a small geophone spacing): 24 is the very minimum value but
48 is surely better — please, remember that in order to have a 48-trace dataset you can
use a 24-channel acquisition system and follow the procedures useful to double the
number of traces [see the “combine 2 datasets” appendix].

Once you upload your data and perform some basic and general data cleaning, through
the Back Scattering button it is possible to perform the analysis aimed at highlighting
possible backscattered energy.

In the following an example (from a synthetic dataset where a cavity is present depth of 2
m) while considering the ZVF component (if you have multi-component data the
backscattering analysis can be performed on both the components in the “Joint Analysis
of Surface Waves — Velocity Spectra, modelling etc.” panel).
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|gina| data [normallzed] original data [normalized] original data: autospectra
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The upper plots refer to the original uploaded data. From left to right:
a) uploaded seismic traces (classical wiggle visualization);

b) uploaded seismic traces visualized according to a color scale;

c) spectral analysis trace by trace.

The lower plots refer to the same data but after the fk filtering that tends to highlight
possible back-scattered energy (with a slope opposite to the “regular one”).
You can see (red square) the position of the inhomogeneity (in this case a cavity) that
produces a “reflection” (to be more precise a back-scattering phenomenon).

In case of multi-component analyses, the same plots are reported for both the
components.

See also, for instance, the following paper:

Rahnema, H., Mirassi, S. & Dal Moro, G., 2021. Cavity effect on Rayleigh wave
dispersion and P-wave refraction. Earthq. Eng. Eng. Vib. 20, 79-88.
https://doi.org/10.1007/s11803-021-2006-y
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The button "SYNTHETICS" (in the main panel) gives access to the panel to use to
generate purely synthetic datasets (via modal summation).

B Wil AR S -

I JERYE ]

ETTTT—
facebook
- s surface waves & beyond ulines & docs

m www. winmasw.com

Such a thing can be useful for at least two reasons:

1) educational goals: let you students or colleagues to play with different models and
realize how the way modes can excite (depending on the model parameters) and for the
different possible components (vertical, radial and transversal);

2) simulate specific and peculiar conditions so to define the best acquisition
parameters for a future survey according to different scenarios.

offsets (m) 6:2:56 modal summation v

record time {s) 1 number of modes: G B
model *
. . the k factor (see manual): 9 g

Ws [mis) Foisson thickness (m)
an 04 08 JI
the L factor (see manual): 2 lU
260 0.4 1 E
500 0.35 3 C
650 0.35 & shnw_dispersinn curves: [
(elastic case) 3
200 0.35 40 £
1300 03 50 g
1900 03 500 B
2200 02 B

HVSR: alfa value | 03

upload model save model

phase-velocity spectrum

min. freq. 2 max freq. a6

SNR | 21 compute synthetics
min. vel a0 may wel 2200 -

In the following the list of parameters you need to define:

geometry: in the “offset” box you simply need to fix the values of the array you want to
simulate. Please note that traces do not have to be equally-spaced (see the second
example shown in the following pages).

record time: length of the synthetic data you want to compute (in seconds).
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Number of modes: number of modes to use for the generation of the synthetic traces
(generated via modal summation).

k factor: parameter used to fix the Qs from the Vs values: Qs=Vs/k [Qp values are fixed
proportionally to the Vp values]

SNR: Signal-to-Noise Ratio: if larger than 0, a certain amount of noise is added to the
data (a value around 20-22 can create data a bit more “realistic”)

a factor: amount of Love waves in the microtremor background field (0-1) [see the
section about the HVSR and the Springer 2020 book]

Example#1

log scale [to emphasize the shallow layers]
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Vs and Ve model with the depth in both linear and logarithmic scale (this second option is
useful to better highlight shallow details).

RVF [normalized] - noise added [SNR:
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Synthetic traces and phase-velocity spectra for the three considered components: ZVF
and RVF (Rayleigh waves) and THF (Love waves).

Also shown the effective dispersion curves and the validity limits in case of passive-
data acquisitions. While the effective dispersion curves depend on the model, the
validity limits depends on the length of the array (try to modify the values so to
understand how it works). While analyzing passive data you can rely just on the data
between the two green lines (validity limits).
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RPM frequency-offset surface RVSR
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RPM frequency-offset surface and RVSR surface (for all the offset)

Giancarlo Dal Mora

Eﬁicient_Joint
. Analysis of Surface

Waves and
Introduction

to Vibration Analysis:
Beyond the Cliches

www.winmasw.com
HVSR

5:\ Springer

2 3 6 10 18 32 56
frequency (Hz)

HVSR computed for the considered velocity model

All the figures are (as always) automatically saved in the working
directory together with the model ("current_model.mod" file).
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If the "show dispersion curves" option is activated, in the next figure (where the
meaning of each curve is explained) are also shown the modal dispersion curves (for the
elastic case).

Please, note that (in agreement with the theory) the "difference" between the signals on
the velocity spectra and the elastic dispersion curves increases proportionally to the
increase of the attenuation (i.e. decreasing the quality factors): the lower the Q values,
the larger the "deviation" from the elastic case.

www.winmasw.cam

phase velocity (mfs)
phase velocity (m/s)
phase velocity (m/s)

10 20 30 40 50 10 20 30 40 50 10 20 30 40 50
frequency (Hz) frequency (Hz) frequency {Hz)

In any case, the most important thing that this example allows us to understand is that in
some cases the fundamental mode can be almost completely absent in the Rayleigh-
wave data (especially along the Z component - note that along the R component the
fundamental mode appears between about 25 and 42 Hz). Therefore multi-component
analysis (possibly according to the FVS approach) is the only way to avoid
pitfalls/misinterpretations that inevitably lead to erroneous (overestimated) Vs profiles.
Love waves (THF component) is (almost always) very clear and simple to understand
and prevent us from erroneous understanding of the (more complex) Rayleigh waves.

Below the HVSR curves computed for another velocity model while considering two
different amount of Love waves in the microtremor background field (a = 0.2 and 0.5).

4

Ciancarlo Dal Moro
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25¢ 1 Efficient Joint
x ‘ Analysis of Surface
2 2y 3 ! Waves and
E \ _ . Introduction
157 — \ F \ A . to Vibration Analysis:

Beyond the Cliches

‘a Springer

frequency (Hz)

www.winMASW.com - geophysical software & services



292 winMASW®

Adding noise to synthetic traces

Through the SNR (Signal-to-Noise Ratio) value, it is also possible to add some white
Gaussian noise to the synthetic data (so to make them more realistic). In the following
snapshots you can see the difference between an “ideal” case (no noise) and the case
where some noise (SNR equal to 0.6) is added.

The SNR value represent the Signal-to-Noise ratio per sample in dB.
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Example#2

For this second example, we create a non-equally spaced dataset. Obtained data allow
to understand several important facts related to the actual propagation of surface waves
(we leave the study and comprehension of these data as an exercise).

offsets (m): 7 012 18 27 36 30 45 51 &7 66100
record time (s} | 2 3335 E
number of modes: | 18 D
Vs (mis) Poisson thickness (m) U
a0 oA 0a the k factor (see manual) 12 g
100 04 1 %
120 0.436 3 show dispersion curves: E
[modal: elastic case; etfective:
450 0.44 5 visco-elastic] C
350 044 5 g
samples pertrace 4008 .
500 03 B ;
360 03 a HVSR: alfavalue | 03 g
700 02 12 3
1000 02 100
1800 015

synth creation, velocity spectra & HVSR
min. fraq. 1 maxfreq. | gg SNR | 0 madal summa... w

save model upload madel

min, val, | 90 maxvel. | 1200 compute synthetics |

A snapshot of the main panel is automatically saved so to keep track of the adopted parameters.

log scale [to emphasize the shallow layers]
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Demo version?

The winMASW® application (in particular the Academy version) is a highly-sophisticated tool that,
in order to be fully and properly used, requires some training that we are glad to provide to all our
clients.

If you try to use winMASW® while keeping in mind simplistic and erroneous assumptions (for
instance about the way modes appear and disappear in a velocity spectrum - unfortunately real-
world data can be extremely counterintuitive), you risk not to catch the real point(s) that
winMASW® (with all its tools) attempts to address through the joint analysis of several "objects".

A series of video tutorials, papers and case studies are available from our web site but the best
way to learn to efficiently and jointly acquire and analyze surface waves is visiting us.

For all these reasons, no Demo version is currently provided: if you are not already fully aware of
the minimum approach we are suggesting (joint analysis of the RVF+THF+HVSR), the learning
curve might require a certain effort that most of the people do not apply while playing with a demo
version.

In fact, a demo software is something people quickly download just to have the chance to
randomly click a series of buttons without taking the trouble to study the theory necessary to
understand what we are actually doing.

You can evaluate your background by yourself answering the following questions:

1) why multi-component analysis is the only way to obtain reliable Vs profiles?

2) why using vertical geophones (alone) | cannot get the correct Vs profile?

3) do | fully understand the meaning of the RPM, FVS, ZVF, THF, RVF, RVSR, SPAC and ESAC
acronyms?

do | know that the HVSR has little to do with the actual site effects?

do | know the difference between the modal curves and the effective one?

do | know the difference between group and phase velocities?

when it’s particular important the FVS analysis?

why P-wave refraction is pointless in case of saturated sediments?

3oL

o

Explanations are illustrated in detail in the books published for Elsevier (2014) and Springer
(2020), as well as in several papers (see our web site).

In some cases we are willing to analyze for you one of your datasets (please, strictly follow the
recommendations provided in our guidelines and the nomenclature illustrated in the Elsevier book
- paragraph 2.2).

"Quality is never an accident; it is always the result of intelligent effort.”
John Ruskin
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Supplied training data

A series of datasets are supplied in the “Self_Training_Data_Dissemination” folder if the
winMASW®HoliSurface® USB stick.

Most of such data are analyzed and widely discussed in the two books we recommend to
carefully study (Elsevier 2014 and Springer 2020).

B Nome Ultima modifica Tipo Dimensione

" An_Archaeological_Multi_Component_Active_and_Passive_dataset_Purgessimo Cartella di file
E Automatic_Batch_2D_HVSR_section_data_and_projectfile
ﬁ Dissemination_HS_Eliosoft SummerLab

20 Eliosoft_SummerLab_dissemination_MASW_Z_R_RPM

Cartella di file
Cartella di file
Cartella di file
"7 Elsevier_Book_2014 Cartella di file
H HVSR_with_industrial AUTOREMOVAL
HVSR_with_LARGE_industrial

*» Lamporecchio_ZVF_THF_PassivelinearZ

Cartella di file
Cartella di file
Cartella di file
2 Muscat_Project Cartella di file
Springer_Book_2020

~ winMASW_Synthetics_Example
B ReadMetxt

Cartella di file

Cartella di file

pl
25/
2
2
5
2
2
=
2
2
2
2
2
2
2
a

Documento di tes...

The data folder in the “Self_Training_Data_Dissemination” folder: try to reproduce the analyses
and results presented.
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An old dataset for ReMi and joint analysis of Rayleigh and Love waves from
active data

Among the datasets provided in the winMASW® USB/DVD, there is a very old dataset
recorded during a workshop in Tuscany (IT) [Lamporecchio folder].
The user can play with the data so to get familiar with the joint analysis of Rayleigh and
Love data, considering that the solution is not far from the following:

thickness (m) | Vsv(m/s) | Vsu(m/s) | Ve (m/s)
2.2 110 100 247
3.0 130 112 343
8.7 170 210 355
- 580 580 1100

Rayleigh —
[input Rayleigh data | 500
i} datazet: Iampﬂrecch\nuASW'"enical sy Vsu (mis): 110 131 172 580; V530: 247
‘ trace ﬂ\pl minimum offset 10 m 700 |thickness (mp: 2.2 3.0 8.7
geophone spacing 1 m Poisson: 0.38 0.41 0.35 0.31
0.2 d -—‘-‘-‘—2‘:’:-_-!‘“ - sampling 0.5 ms = B00 |¥p (misk: 247 343 356 1100
i
vt et select data—— E
" Ze et — =
s - [activate] =
@ —_— =1
e [select | | 20 =
= =
g 0.8 4 | [cancel] [savel @
e =
=
0.8
picking—
select mode -
1 5 —
10 15 20 24 30 35 |save| [cancal| g 10 15 20 25 a0 5 40
offset (m) S = frequency (Hz)
Love ¢ =
input Love data | 00
0 datazet: IamporecchmuASW.or\zontal.sgv sk tmie)ade 112 21 Gl s uizsy
| trace ﬂlp] i O SeE AT 700 | Vs anisotropy (%) 1317 18 0
e — geophone spacing: 1 m thickness (m): 2.2 3.0 8.7
02 = samplng: 0.5 ms = 900 [Rho (griem’e 1.7 1.8 19 24
+ i i
— select data E
P 500
i [acivate g
E | select | [save| E 400
= 06 cancel | 3
et i 300
=
08 200
picking—
1 select mode - L
10 15 20 35 a0 35 [save]  [cance] g % 15 20 25 30 5 40
offset () | | frecquency (Hz)
wwsallozoft.It i — — Inversion
: e |La‘l |m‘ | parameters | |_save model | l2) | |
winiVIiA SVV s \YelocHy Speclia, 1 (5] Do rere (i [cioss |

If you compare the dispersion for the Z component from the active and passive data,
you'll see that, according to the theory, the curve from active data lies along the lower
limit of the velocity spectrum obtained from ReM.i.
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ReMi velocity spectrum (Lamporecchio-ReMi-spectrum?)

700

600

500

phase velocity (m/s)

5 10 15 20 25

frequency [Hz)
explore spectrum

Please, consider that because of a series of technical aspects (the main one is
probably related to the directionality of the signal and all its consequent problems)
we highly recommend to use the (multi-component) ESAC technique and not
the ReMi one.
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Appendix A: Surface-wave data acquisition

Please, see also Guidelines for MASW, ReMi, ESAC and HVSR acquisitions.pdf
enclosed in the winMASW installation folder (subfolder “documents”)

The acquisition of data aimed to MASW analyses is not that different from similar acquisition
aimed to refraction studies.

You just need to array geophones (standard vertical component geophones if we need to analyze
Rayleigh waves or traditional horizontal component geophones if we need to analyze Love
waves) lined up with the source (see Figure A1) using a source with vertical hammer impact to
generate Rayleigh waves or a “transversal” one for the Love ones.

Sensmngra ph
'.i -

Seismic source E “] Geophunes

: M"‘""'-* t'*!ﬂ"?”
geophone array

b

trigger geophone "'"J ;

Figure A1. Seismic array. In case you use a vertical impact source (the traditional hammer
blow) and vertical component geophones, you’ll acquire data useful only for the vertical
component of Rayleigh waves. Using horizontal-component geophones you can record both
Love and Rayleigh waves (see the Elsevier book or our Guidelines in the documents folder).

Remember that horizontal geophones can be used to record both Love waves and
Rayleigh waves (radial component), thus optimizing the acquisition procedures
(see Figure A2, the Elsevier book and all our articles and case studies available on
our web site).

Please, use them instead of using the vertical geophones (which can record only
the vertical component of Rayleigh waves - often very problematic in terms of
complexity of the velocity spectrum to interpret).
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Figure A2. Data acquisition using only horizontal geophones: a) geophone array for SH-wave
refraction and Love waves; b) geophone array for Rayleigh waves (radial component). Of course,
Rayleigh waves can be detected using also vertical geophones but in case you are using horizontal
geophones, you can record both Rayleigh (their radial component) and Love waves and, therefore,
you can jointly analyze them and obtain a much more reliable Vs profile.
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Figure A3. Example of Common shot gather. The widening of the initial signal, due to the dispersion
of the surface waves is clear. During the acquisition, it is important to make sure that the surface
waves trend is not cut by a reduced acquisition time. In the shown case an acquisition time lower than
about 0.40 seconds would have caused the loss of the useful signal.
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In the case as reported in Figure A3 an acquisition time of half second could have been enough.
By the way, problems coming from the cut of the data (see box “effect of data cut off”) should be
avoided, avoiding as well to get more than useful data.

In the actual case (as in most, as a matter of fact) 1 second is more than enough: excessively
increasing the registration time would give an increase of the relevance of the data without a
relevant enhancement of the dataset quality.

Material Vs (m/s)
Incompetent soils and peat 60 — 180
Competent soils 180 — 350

Very competent soils and gravels 350-600
Weathered rock 600-1000

Solid rock > 1000

Table A1. Typical Vs values for different common materials.

For recording multi-offset data useful to define the phase velocities, just keep in
mind few simple and general things:

1) the longer the array, the better are defined the low frequencies (so use all the
available space)

2) the geophone spacing is not important (carefully study our Elsevier and Springer
books)

3) the minimum offset (i.e. the distance between the source and the first geophone)
should be as large as possible

4) data stack is crucial to obtain high-quality data
5) record multi-component data

For instance, if you are working on a big field with plenty of space and have a 12-
channel seismic cable with channel spacing of 8 meters, we should spread your
seismic cable so to record two seismic datasets (for the R and T components) so to
obtain the two following datasets (please, see the “2.2 ACTIVE METHODOLOGIES”
section of the Elsevier book, where we explain in detail how to work on the field and
how to properly name the files):

RVF_mo8_dx8.seg2
THF_mo8_dx8.seg2

[mo = minimum offset; dx = geophone spacing]
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Passive seismic acquisition (ESAC/SPAC and Reli)

In a ReMi acquisition our interest is registering the dispersion of surface waves generated by
microtremors. Regarding these low frequencies (that characterize the microtremor data)
some points should be highlighted:

In order to register with enough quality the signal coherence at low frequencies, two aspects
should be considered:

1. we need long arrays (but it actually depends on the specific purpose of the survey)

2. we need to work with good-quality 4.5 Hz (or less) geophones

A last consideration on the dataset length useful to the ReMi analysis.

Aim of the ReMi analysis is the registration of events which we don’t know the place of origin and
the moment when they are likely to happen. Therefore we switch on the seismograph and,
through the 24 geophones, we register what happens in the hope a useful signal reaches us.

This means that the registrations need to be long. Many seismographs are limited though. We
consequently advise to make different one by one registrations (in order not to weigh too much on
the software as well) in order to get at least 5 minutes registrations (the length of each dataset not
being less than 30 seconds)

If for instance our seismograph allows to take a data for a minute, we’ll make 5 acquisitions of 1
minute each. Thanks to winMASW we then will be able to upload and analyze all data and
choose the most defined velocity spectrum.

Array must be as large/long as possible
Geophone spacing (m) ReMi: use the same geophone spacing
ESAC/Ps-MUCAA: geophone spacing can vary

vertical geophones in case you want to analyze the
vertical component of Rayleigh waves and horizontal

geophones in case you want to analyze the radial

Type of geophones .
and/or transversal components (see what is actually
possible with the PS-MuCAA and SuPPSALA tools)
Eigen period: 4.5 Hz (or less)
For ordinary applications 15-20 minutes
Record length/time For very large arrays 1 h
Number of channels /traces For most of the common applications (arrays up to
geophones about 80 m), 16 channels are usually sufficient but
everything depends on the specific goals
dt (sampling interval) 0.004 s (4 ms, 4 milliseconds) and up to 8 ms
T AT A S No AGC (Automatic Gain Control)
No filter

Table A2. Summary data regarding the suggested parameters for passive seismic acquisitions
(ReMi or ESAC)
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Note to ReMi acquisitions

The reason why ReMi measures are sometime requested instead of (or together with) the MASW
ones is that they can catch lower frequencies making the users’ investigations deeper.

This is not wrong. But some problems inside the same analysis of the surface waves dispersion
make this a bit unrealistic (practically speaking).

To cut it short, we remind you that to have good results at low frequencies you should need quite
long arrays and very sensitive (low frequency) geophones.

About passive (array) measurements we highly recommend ESAC (being based on bi-
dimensional acquisition geometry the directivity problem is solved and the overall
robustness of the mathematics behind is such to provide much better results).

If you are not completely sure about the best type of equipment to buy

for analyzing surface waves (type and number of geophones and type

of 3-component geophone for HVSR measurements), please email us
and we will give you our recommendations.
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Some recommendations about the data acquisitions for the
analysis of the attenuation (active MASW data)

If you wish to analyze the attenuation of the seismic signal (in order to estimate the
Qs quality factors) data acquisition should be perfect.

The introduction of filters, gains, etc., alters the actual natural conditions and should be
therefore applied only if we perfectly and actually master the whole thing.

For analyzing the data attenuation there are few crucial points to consider during the data
acquisition:

1. the gain value has to be the same for all channels
2. no signal saturation
3. make sure you have a good geophone-soil coupling

The reason for that prudence (to be followed in whatever acquisition) lays on the fact that
the analysis of the seismic attenuation are aimed to quantify the decrease of the seismic
signal amplitude according to distance (and to the different frequencies making the signal)

It should be clear that alterations can damage the analysis of signal attenuation.

Since attenuation varies according to frequency (as for dispersion, lower frequencies are
sensitive to deeper soils features) any filtering is not allowed (unless you are aware of the
consequences during the analysis)

Finally, since bad coupled geophones lead to a worse data quality in the altered amplitudes,
make sure the geophones are permanently coupled to the soil.

What is the signal “saturation”? Following figure clarifies the problem. As you can see some
portions of the traces result cut off because the signal has gone over the registration
instrument dynamic range, as an excessive gain was defined during acquisition.
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Such problem has to be avoided all times you deal with analysis in the area of frequencies
(both for the analysis of the dispersion curves and the attenuation)

It is obvious as well that the gain value mustn’t be excessive (to avoid saturation) and of the
same value for all traces (if we need to evaluate the amplitude decrease with the offset).
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In winMASW® you can verify the real traces amplitude clicking on “test amplitude” in the

section dedicated to attenuation.

Once uploaded the dataset you wish to analyse, click on “test amplitude”: the following
reported window opens showing the original data and the corrected one by means of the

geometric correction.
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As you can see, the geometric correction slightly increases amplitudes.
In fact following analysis aims to measure the value of the amplitude decrease linked to the
only viscose component and not to the geometric factor linked to the distribution of energy
over an always wider front. Such component is called “geometric”.
In the bottom of this window you can see the amplitude decrease for both limit frequencies
as specified on the main window (“Min & Max frequencies” fields).
In the reality, what is plotted according to the offset is the amplitude logarithm. This way, the
link between amplitude and offset (in itself exponential) becomes linear.
The larger data scattering, as observed, for low frequencies can be due to different reasons:
problems related to near field effects (bigger for lower frequencies) or to components linked
to body waves, data noise, appearing of different modules of the surface wave, etc

We highly recommend to follow the recommendations explained in the Elsevier and

File naming: a key point

Springer books so to provide all the details of the geometry and components already in
the file names. For instances:

ZVF_dx4_mo6.sg2
RVF_dx5_mo8.sg2
THF_dx5_mo8.sg2

HVSR_central_position.sg2
HVSR_near source.saf
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Appendix B: combine 2 active datasets

This utility allows you to combine two datasets acquired separately with two different but
consistent geometries. The traditional case is that of two dataset each made of 12 channels
(many users don’t dispose of 24 channels seismographs). The aim is to obtain an only 24
channels dataset able to generate more detailed velocity spectra.

To do that, make sure you executed both acquisitions correcily.

There are at least 3 way to acquire data useful for this operation (see following figure).

a) Mode “alternate”: move just the source

B

First shot % | 1
C=A+B/2 By
Second shot

Please notice that this way in the final dataset the geophones are spaced B/2

b) Mode “sequence” (type#1): move the geophones

B
First shot %{ k |_
I B |
Second shot

c) Mode “sequence” (type#2): move the source
B
First shot H-I I 1
C=A+B*n —
Second shot {

n = number of channels in a single shot

The fastest one is surely the first one (a). With winMASW® you can deal with all of these 3 cases.
In the following an example of acquisition performed while considering the third type (mode
“sequence” (type#2).

Remember: what is actually important is not the number of channels (typically 12
are absolutely sufficient - see e.g. Dal Moro et al., 2003) but the total length of the
array (see the Elsevier book - paragraph 2.2.1).
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It's obvious the distance between geophones has to be the same and the min offset of the second
dataset has to be equal to the last offset of dataset#1 plus a value equal to the inter-geophone

distance

Two datasets have been acquired according to following features:

dataset#1: distance between geophones 1.5m, min offset: 1.5m
dataset#2: distance between geophones 1.5m, min offset: 19.5m
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To point out the importance of the use of 24 channels datasets we’ve reported windows relevant
to velocity spectra obtained when considering the spectra as separated and, finally, windows
referring to the final total 24 channels dataset outcome of the 2 initial 12-traces-each datasets.

Obtained Velocity spectrum considering the only dataset#1
(near offset)

— #1: & pri ing (MASW Iy } — #2:velocity spectrum, modelling & picking (MASW & ReMi } ~ wisualize curves —
dataset stendimentod dat MASW: compute velocity spectrum handling the spectra — . [mput —= B
sampling: 0.26 ms [phase veinciy| [0 £k [ .aroup velocity | | | save J | uploaa { merge | explore spectrum| [————
minimurm offset; 1.5 m
geophone spacing: 1.5m . picking —

normalized traces velocity spectrum
0 1600
01 1400
0.z 1200
Z o
03 E 1000 F save picking | [ 2]
@ g —
o 0.4 £ B0
g o ‘ cancel picking
@
&
0s & hO0 inversion —
= %
‘ inversion
0e 400 F
Joint DC-HV inv.
oz 200 F
i : ; .
0 5 1 15 20 E
offset {m) frequency (Hz) B
Ws (mis) poisson thickness (m) 3
= r synthetics —
— resamplng— —— data selection ——  fitering & spectra— refraction — about Poisson 100 0.35 1 calculate | . %
T activate fiter | [cancal] [retraction] [ 100 o g0 | [035] [ 2 pload mot| | ZVF T E
0-99Hz — i 3 =
[resampie select 50 [t upluadl [ save | Rayieigh =3 | [paseve 1w 250 .- save model| | [¥] elastic E
accept cancel | save |spectrogram| | clear refraction | = 400 0.35 7 refresh [F] shows DC g
0 |Reference depth [ Refraction — 035 5 @ 3
other tools & setting = — 5 |:| | syntheties
£ ) | g
it R (R EI| [ZIHVSR | 4 |HN modes o —
0.2 | Time length to visualize (s} | done | | fiip traces | ‘ zero padﬂmq‘ 0 035 g
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Obtained Velocity spectrum considering the only dataset#2

(far offsets)

— #2: velocity spectrum, modeliing & picking (MASW & ReMi )

— #: ing & pr ing (MASW analyses)

dataset stendimento2.dat
gampling: 0.26 ms
minimum offset; 19.5 m
geophone spacing: 1.5 m

normalized traces

25 30 35

offset (m)
— resampling— —— data selection — fittering & spectra— refraction —
T B activate [Cer | [cancel] [refraction] | 100

0-99Hz
spectrum
|spectrogram

[resample select 80
cancel | | save

other tools & setfing

upload ‘ save ‘

| ciear refraction |

handing the spectra —

‘.saue ‘upluan merge

velocity spectrum

(s group vebc"v\ ‘

|pnase velociy

( MASW: compute velocity spectrum

1600

1400

1200

1000

phase velocity (m/s)

frequency (Hz)

| expiore spectrum |

‘ zero uaﬂding‘

(1.023&2 Time length to visualize (s) | done

fiip traces

Vs (m's] pisson thickness (m)

[z] [aboutPoisson| [100 | [0.35 1 caleulate | |
general setting 180 0.35 2 upload mod.
Rayleigh =||3 | |phasevel ¥ 20 | [0z 3 save model

400 | [0.35 7 refiesh
0 [Reference deptn [ Refraction | oo [ gae 5 @
[TIHvSR | 4 |Hv modes - 0_35 2 IE‘

1 0.35

ZVF v

[¥] elastic

[ shows DC

synthetics

visualize curves —

’V input curve [2]

picking —

[z] [show k]

the nght butian

save mckng | 2]

| cancel picking
inversion —

P
Joint DC-HV inv.

www.winmasw.com

With distanced offsets low frequencies are evident but the most proper velocity value to be picked
results quite unclear (since the scarce number of traces) and depending on the user’s choices;
what velocity has to be picked at 10 Hz?
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Obtained velocity spectrum considering the whole dataset
(i.e. the combination of two single/separate datasets)

— #1: & pr (MASW ly ) — #2:velocity spectrum, modelling & picking (MASW & RelMi } — visualize curves —
dataset somma-stl si2.5gy MASW: compute velocity spectrum handiing the spectra — input curve 'z]
sampling: 0.26 ms ﬂipnase ve\ucltﬂ [ £k | group velncmr\ ‘ \ sauaj \ upload { merge |Expiure spectruml ————————
minimum offset: 1.5 m
geophone spacing: 1.5 m ized 1 locity 5 picking —

normalized traces velocity spectrum — —
O , : 1600 (2] [snow k]
=
T3
01p-5 2.
e 1400
0.2
1200
(=l T S LA S R O R O PN P N A P _
£ e
oal E 1000 [save picking] [ 2]
T = SEEEETE
10 =
= S
=0 = 500 )
£ o [ cancel picking
Sy o
0
® &0 inversion —
07 =
‘ inversion
. 400
08 [ Joint DE-HV inv.
08 200
8 L L i E
o 5 10 15 20 25 a0 3
offset (m) fraquency (Hz) B
Vs (mis) Poisson thickness (m) B
— -~ synthetics — an
— resampling— —— data selection ——  fitering & spectra— refraction — |ll about Poisson | | 100 0.35 1 | catcuiate \ |
1 - [ activate | (Ctiter | [sancel] [refraction] | 100 generalseting — 180 | [035 2 uploadmod,| | 1 ZVF T E
0-99Hz e [Znas ag 5 -
[resample selct | | 60 Pt upload| [[save | Rayioah =] 3] [prasever =) | 280 L0 3 save model| | 7] eiastic =
acoept cancel | | save | [ ciear refraction | 400 | [035 7 refresh ] shows 0C g
0 |Reference depth  [] Refraction B0 vy 5 m g
other tools & sefting 5 o - | = | synthetics
o el repe!
i — — ————— [/ HVSR | 4 |HA/ modes B g
1.02362 | Time length to visualize (s) | done | | fip traces| ‘zem uadﬂlng‘ o 035 g

In this case the velocity spectrum is better defined (compare the amplitude of the red coherence
bar with the former ones). For relative amplitude reasons low frequencies don’t have the same
strength of high ones, but we are now allowed to better identify the velocity relevant to 10 Hz
(approximately 600m/s)

Combining two SAC datasets

SAC datasets are made of 1 trace only (such a format is usually adopted in passive
- seismology). It is possible to combine two (or more) SAC datasets (using the sequence
_mode ) and eventually obtain a datasets useful for MASW and MFA analyses.
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Appendix C: Computation of the elastic moduli

From the main panel, a utility to calculate a series of elastic modules (from the values of Vs, Vp
and density).

Velocities have to be expressed in m/s, and density in gr/cm?® while the calculated moduli (Young
modulus, shear modulus, compression modulus and Lamé A modulus) have to be expressed in
MPa (Mega Pascal) (Poisson modulus and ratio Vp/Vs are dimensionless)

Remember the estimated Ve from MASW analysis mustn’t be considered (and largely depends on
the Poisson value you set up before launching the inversion).

The only modulus we can consider as a good estimation of the real value is the shear modulus,
(that doesn’t depend on the Vp).

This utility is very useful because considering the obtained Vs by MASW analysis and the
obtained Vp by refraction studies we can get an approximate estimation of the moduli.

m winMASW: calcolo moduli elastici = =
Input
VS (nfsec) 500 |
WP (misec): 1000
Denstté (gricm3): 24
| Calcola Reset
Moduli elastici —
Poiszon: 021875
Modulo di Young (MPa): 16843
Modulo di taglio (MPal: 756
Modulo di compressione (MPa): 1092
Modulo di Lamé (MPa): 566
Rapporto WPMAS: 1 BGEET

Formulas to express the moduli according to Vs, Vp and density:

Poisson modulus (dimensionless) (VP2 _2Vs2 )/[2(VP2 —VS2 )]
Young modulus (in Pa) pvZ(4-3k2)/(1-k)
Shear modulus (in Pa) yA%s

Lamé A modulus (in Pa) pve(k* -2)
Compression modulus (in Pa) y A% (k2 - 4/3)

where:

k = Vp/Vs (dimensionless)
p = density (kg/m?3)
Vs and Vp = velocity of shear and compressional waves in m/s

Of course, to change the Pascal value in Megapascal value just divide the value per 106 (Mega =
1 million)
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Appendix D: Tool for the comparison of 2 active datasets

In the utility panel, there's the sub-.section "managing active data". One of its tools is "compare 2
datasets":

4 winMASW® - Surface Waves & Beyond

wWwWwW.wWinmasw.com

managing active data

vertical stack
compare 2 datasets
multiple-dataset filtering
combine 3C data
combine 2 datasets | 7 |

by clicking on it, you can upload 2 datasets (active seismics) recorded while considering the same
acquisition parameters (sampling frequency, record time e array geometry).

These 2 datasets can be two different shots of the same acquisition, or the direct and reverse
acquisition of the same array (gathered while moving the source at the opposite side of the array),
or can be 2 datasets acquired on the same spot in two different days (for instance before and
after a soil compaction process) etc.

What you will get is something like this (two kinds of outputs):

actual amplitudes normalized amplitudes

0 i%il T T 0 T |'
il > ! ﬁ -
013> | ‘l 1 0.1 1)
b ) J ]
b
02} ’ 0.2 +
E 031 |I | E 0.3
o ! ‘f o
£ '. - £
=04 | ] | = 0.4
| !
| |
05¢ r| I 0.5
| |
061 l 1 0.6 1
: — 7\/FpostmobokFYS.mat : =— 7\/F postmobokFYS.mat
= Z\/Fprelllmo5SFVS.mat m— Z\/Fprelllmo5SFVS.mat
0.7 . . LT T ITTILTT [ T 0.7 . . LITT T ITTTTT®
10 20 30 40 50 10 20 30 40 50
offsets (m) offsets (m)

comparison of the acquired seismic traces (on the left the actual amplitudes, on the right the

normalized amplitudes - trace by trace).
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ZVFpostmo5okFVS.mat ZVFprelllmo5FVS.mat

350 350

300 300
w w
E B
=y =y
8 8
< 250 < 250
> >
@ (]
0 7]
:u w©
= K=
a a
200 200
150 150 F - o
5 10 15 20 25 30 35 5 10 15 20 25 30 35
frequency (Hz) frequency (Hz)

Phase-velocity spectra of the 2 datasets (indicated at the top of the plots)

In this case the two datasets were acquired on the same spot, before (pre) and after (post) a soil

compaction process (see Assessing ground compaction via time lapse surface-wave
analysis - Dal Moro et al., 2016).

A further example: in this case the 2 datasets come from a direct and reverse acquisition (the
source is moved on the two sides of the array) and in this case they are practically absolutely
identical.

actual amplitudes normalized amplitudes

T
v
T

|

|
|

| |

| 1
!
1
|

v L

0.5 0.5

time (s)
time (s)

w— 7\/Fdx3mo-4.dat.sgy w— 7\/Fdx3mo-4.dat.sgy
w—Z\Fdx3mod4.dat-reverse-rot.sgy w—7\/F dx3mo4.dat-reverse-rot.sgy
15 [T [T T T T T TT 15 0 2 R A O Y B

f
LALLLAAA LA

10 20 30 40 50 60 70 10 20 30 40 50 60 70
offsets (m) offsets (m)
ZVFdx3mo-4.dat.sgy ZVFdx3mo4.dat-reverse-rot.sgy

1000

200

800

@ 700 @ 700
E E
2 600 2 600
Q Q
2 o
[ [
> 500 > 500
@ @
3 8
£ 400 £ 400

300 300

200 200

100 100 I

5 10 15 20 25 30 35 40 5 10 15 20 25 30 35 40
frequency (Hz) frequency (Hz)
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Appendix E: Creating 2D sections

In the Academy version (and in HoliSurface®), among the several utilities there's a tool ("2D
velocity contouring") that can help you in creating 2D sections by considering a certain amount of
Vs vertical profiles.

4 winMASW® - Surface Waves & Beyond ] X
www.winmasw.com utilities
managing active data managing passive data
vertical stack TCEMCD

compare 2 datasets Dt alErats data

multiple-dataset filtering
concatenate HVSR
combine 3C data

combine 2 dataseis | 7

post-processing & miscellanea

re-processin
i . elastic moduli

SEG to SAF conversion
V=30 at foundation

20 and 30 data e e

[in H5}

2D GPS positioning

£ 20 velocity contouring || bl g L i

3D projectivisualization

Everything is managed by means of a simple project file to save as simple ASCII (.txt) file.

Here a project file example (that you can also download from our internet site)

Swiss - profile#1

2

404.8000 404.2000 404.4000 405.2000 405.4000 405.8000 405.9000 406.3000
406.7000 407.2000 406.9000 407.6000 409.2000 409.7000 410.4000 411.5000
412.4000 414.5000 417.7000 424.1000

050 93 145 194 242 293 348 397 445 492 538 597 647 693 740 785 821 888 933
model1.mod

model2.mod

model3.mod

model4.mod

model5.mod

model6.mod

model7.mod

model8.mod

model9.mod

model10.mod

model11.mod

model12.mod

model13.mod

model14.mod

model15rep.mod

model16.mod

model17.mod

model18.mod

model19.mod

model20.mod
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v" On the first line you must write the name of the project;

v" The second line is currently not considered but do not remove the line (just keep it like this);

v/ On the third line are reported the values of the topography for each considered point [in
case you do not have these values, please just write a zero (0)];

v" On the forth line is reported the position of each considered point for which you have a
vertical Vs profile (i.e. model - see later on)

After that, you must report the file names of all the .mod files (one for each point).

Be careful: all the models (.mod files) must have the same number of layers.

In our example (see above) we are dealing with a 2D section built by considering 20 points (i.e.
20 Vs vertical profiles represented by the 20 -mod files): the first point (model1.mod) refers to the
point 0 (see the first value on the fourth line), the second point refers to the inline point 50 and so
forth).

All the .mod files (reporting the Vs profiles for each single point) must be in the same folder as the
project file.

The project used here as example (the figures here reported refer to it) can be
downloaded from the following link: http://download.winmasw.com/data/2Dsection.rar

To play with it, download it, unzip it and upload the NAGRA16_2Dprofile.txt project file.

topography
424 = \ I
422 —
420
418 —
E 416
_-E) 414 —
[0}
<412+
410 —
408 —
406 —
— | | | | | | | I
0 100 200 300 400 500 600 700 800 900
inline (m)
E topography (vertical scale = horizontal scale)
= I
£48| [ [ 1 ] | —
o 0 100 200 300 400 500 600 700 800 900

inline (m)
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Once you upload your project, in the “depth” box is shown the depth of the deepest point of your
.mod models.

The use must now define the maximum depth to adopt to visualize the 2D section/data (this is
never the depth of the deepest point) and the maximum velocity of the colour scale.

A percentage of lateral smoothing can/must also be defined/modified.

Please try to modify these parameters (while using our data/example) so to get familiar with them
(the best parameters to use clearly depend on the site, characteristics of the data and your actual
goals (you might be interested in highlighting some features rather then others.

You can also choose whether highlight or not the points of your profile (just activate/deactivate
the “show profiles” checkbox (see images here below).

0 . 1400
10
1200
20
30 1000
40
800
60 600
70
400
80
90 200
100
100 200 300 400 600 700 800 900

0 500
distance (m)

depth (m)
o
o

Vg (mis)

2D section [the “show profiles” checkbox is not active]

#NAGRAJG - prafil e 2 #7  #8

i I

depth (m)

0
1400
1200
1000
800 2
E
w
>
600
. 400
_ . u
|
— L
0 100 200 300 400 500 600 700 800 900
distance (m)

section [the “show profiles” checkbox is now active]

Output Excel file
In the working folder is also saved an Excel (xls) file with the obtained Vs matrix.
The file name (e.g. VSMATRIX_dx9m_dz0.6m.xIs) reports the delta x (dx - along
the inline direction) and delta z (along the vertical axis) of the reconstructed

matrix. In the example file, the points are separated by 0.6 meters vertically and
by 9 meters horizontally (inline direction).
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See also: Working for the reconstruction of 2D sections

NAGRA16 - profile#1

1400

1200

= 1000

Vg (mis)

900 600

velocity (m/s)

400

200
40 .
30

depth (m)

NAGRA16 - profile#1

1400

1200

= 1000

1400
1200 -
1000 -]
800 -
600 -
400 - - -/ 600
200 -

Vg (m/s)

velocity (m/s)

400

7

600 200

700

position (m) depth (m)

If you activate the "show also topography" option and in your project file is topography is
(properly) reported (see third line of the file project), you will obtain this sort of image:
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Topography and VS

1400

420 T ‘ ‘ 1

1200
400

1000

800
360

600

400
320 -

0 100 200 300 400 600 700 800 900

500
relative location (m)

w
[o2]
o

altitude (m)

w
B
o

During the processing a window will show up (please wait until the work is done and the window
automatically closes):

(4] Computing 2D and topography (PLEASE WAIT) - O x

please, wait

[this window will automatically close]

All the figures are automatically saved in the working folder, but you can save them elsewhere
(and with whatever file name) by using the usual icons in the toolbar ("File -> Save as").

By activating the "log scale (3D plot)" option, the velocities are plotted according to a
logarithmic scale, which can be useful to better highlight some kind of lateral variations.

In the example down here, the logarithmic scale allows to put in evidence the peat area (very
low velocities) in the middle of the 2D section.

The green circles refer to the points of our data (the "show profiles" checkbox is on).

NAGRA16 - profile#1

1400

1200

- 1000

o
w

Vg (mis)

velocity (m/s) [log scale]
)
o

400

[=]
S

300 200

40

30 20 100 position (m)
depth (m) 10
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An example of 2D data [winMASW® Academy and HoliSurface® 2021]

The project file (a simple txt file)

L1 section

2

1604 1613 1617 1640 1672 1707 1740 1771 1787 1810 1826 1848 1868 1894 1916
026 44 86 141 196 240 289 328 371 429 477 524 567 598
L1 14 minimum_distance _model.mod

Q2 _09 minimum_distance_model.mod

L1 13 minimum_distance _model.mod

L1 12 minimum_distance _model.mod
L1_11_minimum_distance_model.mod
L1_10_minimum_distance_model.mod
L1_09_minimum_distance_model.mod
L1_08_minimumdistancemodel.mod
L1_07_minimum_distance_model.mod
L1_06_minimum_distance_model.mod

L1_05 minimum_distance _model.mod

L1 04 minimum_distance _model.mod

L1_03_ minimum_distance _model.mod

L1 02 minimum_distance _model.mod
L1_01_minimumdistancemodel.mod

L1 section

open working folder

www.winmaosw.com

10, iiaen_Satance_odulmod
L1_05_minimuen_atanes_mode| med

R ——————
L83, minéimusen_stance_modelmod

Ltk mirimum_sistarce_mogelmod

LA_13 _imirinmn_iatanca_nodal mod
L1 12 minimum_@istance. mogel.mod
Li_11_minimum_sstance. modelmod
L1105 minimum_ Gistance. madel.mod
L1_7_mirimum_éistance. madelmod

L1_14_minimum_sstance. moael.mod
02_08_mirsinum_distance_modsl med
LB minimumdistancerodst mod

]
||

wwhawawinmasw.Com

0 100 200 300 a0 500
distance {m}
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=
o
i L1 section
-.) E o 800 ~
b i 600 £
E 2 400 =,
L @ 50 200 >
] 100 200 300 400 500
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L1 section
= 800

700

600
1 o 500 “%‘.
|E E b
i 2
3 s 400
3 =
$ g
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300
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”meaq Vs proflle [v__szm: 3?4 mfs}” me.én VS _proflls & sttni. [vs:m:_ .374 rr?.‘s]

or- 0 ;
10t 10
Ezo E20
£ £
30 8
Za0- - Sa0
40 - & 40
50 ‘ 50 i
250 300 350 400 450 500 550 600 €50 700 250 300 350 400 450 500 550 600 650 700
Vg (mis) Vg (mis)

www.winmasw.com

number of occurence

300 320 340 380 380 400 420 440 460 480

VS:I . (m/s)

Altitude: 1623.509 m

Lat: 46 33 4585

Leng: 8 58 423E

Lat: 46.5627361111111142122354 N

Long: B.9TEAT222222222285381577 E

www.winmasw.com
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Appendix F: Few examples (case studies) of what you can do with
winMASWP

Several papers, case studies and datasets (for your own training) are included in the
winMASW® USB dongle together with the software but you can also our web site
(www.winMASW.com).

More case studies are sent to our users though our newsletter.

You can read the Elsevier & Springer books and study all the reported examples.
Some of them are available in the HoliSurface / winMASW USB dongle provided
with the software: you can use them for your self-training and compare the results
with the analyses commented in the books

Giancarlo Dal Moro

5
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F1. Joint analysis panel: joint analysis (forward modelling) of Rayleigh &
Love waves using the ordinary modal dispersion curves [old-fashioned
approach]

Vs vertical profile

E
www.winmasw.com £ 15¢

i L L 1
100 200 300 400 500 600
\/S (m/s)

Rayleigh: velocity spectrum Love: velocity spectrum

-Rayleigh Dispersion-
500YVsv (mis): 132 170 126 210 496 516 481; V's30: 336
thickness (m}: 0.8 0.9 0.7 61 7.7 6.1

500 (Vsh (m/s): 132 182 139 231 546 568 529; V/s30: 367

Poisson: 0.28 0.33 0.32 0.44 0.38 0.29 0.35

z 2
£ 400 E 400
= 2
2 2
T 300 ® 300
> >
b3 3
2] [}
& 200 & 200

5 10 15 20 25 30 35 40 45 50 5 10 15 20 25 30 35 40 45 50
frequency (Hz) frequency (Hz)
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F2. Few examples of useless/problematic datasets

B] winMASW - Determinazione dello Spettro di Velocita

— primo p input dei dati

input fie I
maswl.DAT

s
FEIl

| )

0.04

tempo (sec)

5 10 15 20 25
offset (m)

Note the sudden change of the trace characteristics from
the offset 20 m on. Apparently: before that point the subsoil
is stiffer (velocities higher) while after a sudden change of
the subsurface properties occur (softer sediments with
much lower VR).

The following snapshot reports a totally-useless dataset (the vague signal you see on
the field traces is about the air wave — you can easily verify that by using the “draw
velocity” button with the pertinent velocity): it is not the amount of money you spent for
your seismograph that ensures the quality of your work but the number of hours you spent
(invested) studying the theory of seismic-wave generation and propagation that eventually
leads you to accurate data acquisition and analysis.

#1: data uploading & edit

et 723 dat
samaling: 0.25 ms 14000 Hz] - 000 samples
minimin offsat: §

o0phons SacHG; 5 M

spectrum, modelling & picking (MASW, MFA, E
active data: compute velocity spectrum
- | handing the spectra—

moda separsfion

M4 arawveely  Inoardnear - sovm | um | ree

normalized traces
[ Pl it .
P I
o2 3 |
: i
1 ;
EARE
08 (31 iz kg3
21143 {
08 1%
s i S
v 1H 3873 1
E {2781 3 {
12H i ; ] i
1314% i
14+ | a1} i
‘ PEHis |
o £ 2 {
16+ | i g i
it ;
18 % 1E: IR
iabdd | i L
20 40 60 80 160 frequency (Hz)
offset (m) E
modelling [w]
o s e i, || Syt FVS) U
? about Poisssn ; ] g | O 3
1 a v Jl
— i i . aren AR | Do ]
o S [ o Aot | S L | =
(=] oo | | ane f— i S i = : Cliwrsesn [ Tofactive (paesiva) ;
: o 7 automatc @ valnes 2
oher toals & setting « orti =
1.985¢ tine 1 visualzs (51 e e 0 | b e m - "4:; o deptn m g
SEEn e i T S e ma des ,ﬁg@—
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TWO NOTES

1) data acquisition is not a mere “mechanical operation”: it requires excellent knowledge
of what we are doing and why: the type of data and their quality will affect the analyses

and therefore the final outcome;

2) the good quality of a (single) dataset does not mean that we can obtain the correct Vs
profile out of it: only the joint analysis of different observables allows that (see section
“Introduction: the winMASW® holistic perspective”).
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F3. Joint analysis panel: joint modelling of Rayleigh- & Love-wave
dispersion (FVS approach) and P- and SH-wave first arrivals (refraction)

first component (Rayleigh)

Mean_Model.mod
showors
e
nnnnnn ™
o1 || 0z
295
0292 || 039
od7
o032 || 148
2| [ 1z
oz || 53
5 10 15 20 25 30 35 40 o R | [srr
frequency (Hz)
2 [ o |[oam |74
R 016
Mean_Model.mod = |[® |[ o |[owr] |
o | 18 )

5 10 15 20 25 30 35 40

frequency (Hz)
e
some data edting tools el e reponoc
antovisvaze () | st | [ it - SR |GEREERGERN o orests SR | 2 | e SR www.winmasw.com et o

Joint modelling for the Z and T components: upper panel Rayleigh dispersion (on the right) and P-
wave refraction travel times [in this case due to the shallow water table — see model below]; lower
panel: Love-wave dispersion and SH-wave refraction arrivals.

first component (Rayleigh)
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Same as for the previous figure but for the R and T components: as you can see, P-wave refraction
is clearly visible also along the R (radial) component. This means that by simply using a set of
horizontal geophones you can quickly do four things: analysis of the Rayleigh and Love-wave
dispersion and of the P- and SH-wave refraction.
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F4. Joint analysis panel:

337

joint FVS analysis of Rayleigh- & Love-wave

dispersion: do you see why Love waves are so important?!

Joint modelling for the R (radial component of Rayleigh waves) and T (Love waves) components:
upper panel Rayleigh dispersion (on the right); lower panel: Love-wave dispersion.
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Vg vertical profile

depth (m)
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Comment: the signal that dominates the Rayleigh waves (R component) at frequencies higher
than 10 Hz is due to the first higher mode while for lower frequencies is about the fundamental
mode. Love waves are 99% of the times dominated by the fundamental mode.

In order to obtain a good match it was necessary to introduce some anisotropy for some layers
(see shown Vsy and Vsv model).

Important note: higher modes are not a problem in case you properly analyze them. On the
opposite: they bring important information especially about deeper layers (because their velocity
is higher). The problem is when you misunderstood them since this inevitably leads to
overestimate the Vs values. The only way to properly understand the velocity spectra is to
analyze two or more components (in this case we analyzed the R and T components recorded by
just using a set of 4.5 Hz horizontal geophones).

Can Love waves have large-amplitude higher modes? Of course. See the “The magnifying

effect of a thin shallow stiff layer on Love waves as revealed by multi-component analysis
of surface waves” paper (Dal Moro, 2020).
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F5. From the panel “joint analysis of phase and group velocities” (just one
component): joint modelling of the phase- and group-velocity spectra (FVS
approach) — HVSR not available

First of all, we must emphasize that if we wish to obtain the correct Vs profile, it is
recommended to work with multi-component data (e.g. joint analysis of the R and T
components together with the HVSR (computed as the average of the HVSRs acquired at
two or more points along the array, so to verify possible lateral variations).,

Remember you can also upload and model the HVSR
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the first 8 modes (for demonstration purposes)

The data and the quick accomplished modelling of the phase and group velocities via
FVS shows that:

1) as a matter of fact, a single geophone is sufficient to analyze the dispersion since
group velocity analysis (in this case accomplished considering trace#18) is so-to-speak
equivalent to the analysis of the phase velocities. This means that a single geophone is
sufficient to analyze the dispersion and obtain information about the subsurface Vs
profile;

2) the critical point is to record and analyze multi-component data and that is why we
always recommend the use of a set of horizontal geophones that allow to record the R
and T components (see our HoliSurface® software application which is largely based on
the group-velocity analysis of the data collected by a single 3C geophone used also for
the HVSR etc.) [and here unfortunately we only had the Z component];

3) often it is not possible to work with the "concept" (and practice) of modal curves: here
we work with the FVS analysis which shows that everything above 12 Hz is a complex
coalescence of higher modes that cannot be separated (it is not possible to separate
single modes);

4) the jump at about 42 Hz for the phase-velocity velocity spectrum is between the third
and eighth mode: mode jumps do not follow any simple rule or ordered sequence (see
extensive literature available on the topic);

5) there is a minor change in the Rayleigh-wave slope (the second half of the traces are
apparently slightly slower), which suggests some (minor) lateral variations: winMASW®
ACD allows you to split this [active] dataset into two sub-datasets (see the
“zeros/flips/remove” tool in the single-component analysis panel) and analyze them
separately;

6) the presence of a relatively-stiffer superficial layer can create a very interesting and
useful phenomenon of Love-wave higher mode excitation — carefully read the following
paper: The magnifying effect of a thin shallow stiff layer on Love waves as revealed by
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multi-component analysis of surface waves - Dal Moro G., Nature - Scientific Reports 10,
9071 (2020). https://doi.org/10.1038/s41598-020-66070-1

7) the phase+group velocities panel also allows the (joint) modelling of the refraction [P
or SH] travel times (remember that refraction is useful only for the very shallow layer
since has al limited penetration depth) and HVSR [not available for this site] (see further
case study presented later on where such options are used).

Two important points:

1) For complex data, if we wish to obtain correct Vs profiles we cannot rely on the
analysis of a single component: for ordinary surveys, the “best” and easiest solution is
the joint acquisition and of the R + T components jointly with the HVSR,;

2) the phase+group panel (+HVSR and refraction) is a panel that has mainly an
educational purpose: to show that working with phase or group velocities is
completely equivalent and this leads naturally to working with the HoliSurface®
method [HS] which rely on the (active) data recorded by a single 3C geophone (i.e.
multi-component data): https://www.winmasw.com/ it/prodotto.asp?IDp=1

www.winMASW.com - geophysical software & services



342 winMASW®e

F6. Single-component panel: joint analysis (modelling) pf the vertical
component of Rayleigh waves (ZVF) and P-wave refraction travel times

Am ordinary (not recommended) dataset obtained with a set of 24 vertical geophones
(the last one turned out not to work and the dataset was therefore reduced to the first 23
channels using the "zeros/flips/remove" button).

The phase velocity spectrum highlights a clear mode splitting phenomenon [see the
“Surface Wave Analysis for Near Surface Applications” Elsevier book].
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With some forward modelling and, if necessary, an automatic FVS inversion, we obtain a
subsurface model whose phase velocity spectrum overlaps pretty well with the observed
(field) one [see the two figures shown in the following].

observed & synthetic velocity spectra [3D rotation on]
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Now we can consider the model identified through the dispersion analysis (which
depends primarily on Vs and thicknesses) and easily (manually/personally) optimize the
Vp values using the Poisson's ratio values [forward modelling panel below the velocity
spectrum].

In order to better highlight the first arrivals of the refracted wave (having used vertical
geophones we are dealing with the P waves), we can reduce the shown time [field "time
to visualize" in the “other tools & setting” group under seismic traces] (in this case we set
the value to 0.12 s).

We can now appreciate the good congruence of both dispersion and first arrivals of the
P-wave refraction (image here below).

With respect to this latter observable (P-wave refraction) the problem is always the same
(see our Elsevier and Springer books): P wave “see” the superficial refraction (clearly due
to the water table at a depth of about 2.5 m) but cannot see anything below it. The Vp
profile is therefore valid/significant only down to about 3 m but below such a depth we
cannot say/see anything! On the other hand, dispersion allows us to get significantly
deeper since shear waves - and therefore surface waves - are not significantly affected
by the saturation conditions.

We could add many more facts and comments but the interested reader can refer to the
two above-mentioned textbooks (from Elsevier and Springer).
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In the two figures below (in a 3D and 2D perspective), the spectrogram of the trace#22 is shown
using a linear scale for the amplitude. You can clearly identify the arrivals of the surface waves [in
this case the vertical component of Rayleigh waves] (slow and characterized by low frequencies)
and two much faster events (with a higher-frequency content).

The first of these events is certainly connected to the P-wave refraction [see the figure with all the
seismic traces reported on the previous page with overlaying the arrival times of the P-wave
refractions of the model] the perfect continuity of the signal can be clearly seen.

To understand whether the second arrival is real or generated by some local accident, the
continuity along all the traces should be assessed (not shown here for the sake of brevity).
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The figure below refers to the same trace but is obtained using a logarithmic scale for the
amplitudes, which in some cases is useful to better highlight low-amplitude components.

The scale is chosen via the small pop-up window above the 'compute’ button.
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F7. Single-component panel [using purely-passive data]: joint analysis of the
phase velocities from ReMi (using the effective dispersion curve) and the
HVSR

manual-in-progress
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F8. Comparing the Z-component dispersion from ESAC [in winMASW®
Academy] and MAAM [in HoliSurface®]

In both cases we are dealing with passive data. The mathematics of these two methods
is radically different and is reflected in a number of characterizing points:

1) ESAC imposes very large arrays (in synthetic terms we can say that “it works with the
wavelengths") and a significant number of channels; possible "imperfections" in some of
the traces does not significantly affect the result [i.e. a few "noisy" traces do not represent
a serious problem];

2) MAAM [implemented in the HoliSurface® software - HS] requires circular arrays with a
limited number of channels (triangle or pentagon with a central geophone) and an
extremely-small radius compared to ESAC (just a couple of meters compared to several
tens of meters for ESAC). The quality of the data must be perfect (see HoliSurface®
manual and pertinent literature).

The image below reports a comparison between the phase velocity spectra (Z
component) obtained from ESAC and the MAAM for a test site. It can be seen that the
velocities are fundamentally identical (the validity limits depend on the geometry of the
respective arrays and are indicated).

It should be fully understood that (in both cases) we obtain the effective dispersion curve
(not the fundamental mode). Furthermore, since the areas involved are very different, one
should not overlook the fact that while ESAC identifies an average dispersion over a large
area (several tens of metres), the MAAM dispersion refers to a very local portion/area
(the radius is only a few metres).

The ESAC method is also applicable to the R and T components (see PS-MuCAA and
SuPPSALA techniques in winMASW® Academy) while so far, the MAAM method can
be used just to analyse the Z component of the Rayleigh waves.
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Example of a triangular array for MAAM acquisition: three geophones at the
vertices of the triangle and a central one (very high-quality geophones are
mandatory). Next to the central geophone you can see the 3C geophone (HOLI3C)
used to determine the HVSR (which is then jointly analysed with the dispersion
obtained from MAAM). All the geophones are connected to the same seismograph,
thus obtaining a dataset with 7 traces efficiently managed by the HoliSurface®
software.

In HoliSurface®, together with the MAAM analysis, it is also possible to perform the
SPAC analysis. Since SPAC follows the same logic/mathematics as ESAC, compared to
MAAM it has an extremely limited frequency validity range and, therefore, can be used to
verify/compare the phase velocities obtained through the MAAM only at the highest
frequencies [see the pertinent section of the HoliSurface® manual].
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F9. Utilities: comparison of active data. Comparison of the data from a
central shot.

manual-in-progress
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F10. Batch processing of several HVSR files (and fixing problems)

winMASW®e

In case we have several HVSR files (SAF or seg2 format), we can process all of them
according to a batch procedure (for details see the pertinent section in the manual).
Here is an example of a project file (a simple ASCII file) for a case where we have 14

points along a line.

As we will see, at two points data are problematic and it is shown how we can solve

such problem using the features of this tool.

www.winMASW.com
# HVSR batch processing #

0

0

0 16.71077 32.40386 54.37693 86.72191 104.2671 121.6846 138.7052
172.2376  186.0155 221.1027 234.6533 252.6087

418.4 418.1 418.3 418.4 4185 418.5 418.2 417.9 4171
414.8 412.9 412.6 412.6

HVSR_point1.SAF 1 1 2 3 HVSR_point1.jpg
HVSR_point2.SAF 1 1 2 3 HVSR_point2.jpg
HVSR_point3.SAF 1 1 2 3 HVSR_point3.jpg
HVSR_point4.SAF 1 1 2 3 HVSR_point4.jpg
HVSR_point5.SAF 1 1 2 3 HVSR_point5.jpg
HVSR_point6.SAF 1 1 2 3 HVSR_point6.jpg
HVSR_point7.SAF 1 1 2 3 HVSR_point7.jpg
HVSR_point8.SAF 1 1 2 3 HVSR_point8.jpg
HVSR_point9.SAF 1 1 2 3 HVSR_point9.jpg
HVSR_point10.SAF 1 1 2 3 HVSR_point10.jpg
HVSR_point11.SAF 1 1 2 3 HVSR_point11.jpg
HVSR_point12.SAF 1 1 2 3 HVSR_point12.jpg
HVSR_point13.SAF 1 1 2 3 HVSR_point13.jpg
HVSR_point14.SAF 1 1 2 3 HVSR_point14.jpg

155.8513

415.6

By uploading this project file from the HVSR panel (“multiple HVSR batch processing”
button), we obtain the HVSRs for each point and a series of additional graphs that define,
in a sense, a sort of 2D section of the microtremors (both the amplitude spectra of the

individual components as well as the HVSR).
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At the end of the processing you will also obtain the amplitude spectra for all the
three components (EW, NS and Z), both with the actual/real amplitude as well as
normalized.
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In the image below the HVSR “section” (actual curves). We can clearly see two points (#7
and #9) where, at low frequencies, the HVSR is completely inconsistent and such a
problem (at those 2 points) was apparent also in amplitude spectra shown in the previous

page.
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It should be quite clear that the HVSRs at point#7 and #9 cannot be considered as
reliable (they are completely meaningless). Fortunately, at the end of the routine, the
software offers the chance to fix this kind of problems.

In fact, by showing the obtained HV curves, the software asks if there are any points to
"fix".

In this case we can tell the software to fix (remove and interpolate the wrong/inconsistent
HVSRs) for the points #7 and #9.

Here is what you get: on the left are the original HYSRs and on the right those obtained
by removing and interpolating the point#7 and #9.
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F11. ESAC panel: example of data processing for crustal studies [low-
frequency seismological data]

manual-in-progress
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F12. Single-component panel: FVS analysis of the ZVF component only for a
shallow (geotechnical) application [high frequencies]

¥
£

ZVF component, mo (minimum ofset: 4 m, dx (geophone disc): 0.5m

For this survey, only the ZVF component was used (vertical geophones). Data and
analysis are reported and briefly commented in the following figures.

The small artefact around 60 Hz is the result of the 60 Hz Notch filter forgotten “on”
during the data acquisition (no serious harm to the data).

#1: data uploading & editing
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Field traces and phase-velocity spectra (please, notice the frequency range)
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winMASW®
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Result of the FVS [Full Velocity Spectrum] analysis:
do you see how the model is in good agreement with the field data?

The black contour lines (from the model) almost perfectly match the field velocities.
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Now we can try to plot the modal dispersion curves:
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As you can clearly see, the signal is not about simple and “singular” modes. For instance,
the signal between 1 and 150 Hz is about the fundamental mode (remember that the
small “bump” at 60 Hz is due to the Notch filter used during the acquisition). The
message (see our books and papers about it): a continuous signal (in the phase
velocity spectrum) is not necessarily due/attributed to a single mode since modes
can merge and create a “misleading continuity”.

This is why we strongly recommend the joint analysis of multi-component data.

Suggested reading [see the “Documents” folder in the winMASW® installation directory]:
Surface wave analysis: improving the accuracy of the shear-wave velocity profile through
the efficient joint acquisition and Full Velocity Spectrum (FVS) analysis of Rayleigh and
Love waves, Dal Moro G., 2019, Exploration Geophysics

Suggested exercise (to try to verify if the solution found while considering the phase
velocities is also in agreement with the group velocities): go to the “Joint Analysis of
Phase & Group Velocities” panel, compute the two velocity spectra and go ahead with
the modellina.
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Data courtesy of Joe Gouthro (Shallow Earth Technologies Inc. — Calgary, Canada)
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F13. Joint analysis panel: joint analysis of the two components of Rayleigh
waves for very shallow studies [high frequencies]

In the next two pictures are shown the horizontal geophones used to record the R (radial)
and T (transversal) components [acquisition of the Z component not shown for obvious
reasons]. 21 channels were used with a geophone spacing of just 20 cm.

Acquisition of the R com onent
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First “issue”: are 21 channels (or more) necessary? The answer is widely explained
and commented in our Elsevier and Springer books and is summarized in the next two
figures that make clear that using 21 or 10 channels does not significantly alter the
phase-velocity spectra.

On the other side it must be strongly underlined that dealing with two (or more)
components is a key point if we want to overcome the ambiguities necessarily present
while analyzing surface data [see “1.3 Non-uniqueness of the Solution: Problems and
Solutions” section of the Springer book].

If your purpose is to obtain the right (unambiguous) Vs profile, working with just one
component is, quite simply, wrong/inadequate (in general terms).

Trace decimation for the Z, R and T components
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i THF: original da!a [21 traces] THF: velocity spectrum [21 traces]
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Some FVS modelling/inversion: Z+T [with no anisotropy]

We selected the Z and T components (i.e. vertical component of Rayleigh waves and
Love waves) and performed a joint FVS inversion with the results shown in the following
snap:
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Since the length of the array is just 4 m, we can consider the model sufficiently reliable
only down to about 2-3 m:
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The obtained model was then used also to check the consistency of the R component.

Here the overall good agreement:

first component (Rayleigh)
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second component (Rayleigh or Love)
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Few comments

Remember that surface waves can be used for several applications (not only for the

notorious Vs30 parameter). Consider that:

1) only joint inversion can save us from all the possible ambiguities that can otherwise

361
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mislead our analyses (in case we deal with just one component/observable);

2)

modal dispersion curves are often not adequate to properly “understand” complex

datasets and the FVS approach is a powerful tool to learn to master.
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F14. ESAC panel — PS-MuCAA section: example of multi-component passive
data for the verification of lateral continuity

manual in progress

For the following example we recorded the 3 components (Z, R and T) using 18
channels. The three components were recorded not at the same time but in succession
(first the Z, then the R and finally the T).

. . = - 7 . PASEEY T,

Acquisition of the R component: the axis of the horizontal geophone is parallel to the array
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F15. Joint inversion of the effective dispersion curves from of the Rand T
components from passive data

manual-in-progress

For the following example we recorded the 3 components (Z, R and T) using 18
channels. The three components were recorded not at the same time but in succession
(first the Z, then the R and finally the T).

Acquisition of the R component
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F16. A further example of joint (FVS) analysis of the R and T components
jointly with the HVSR

This is the approach that we consider as “classic” (cause it is easily implemented) and
that we strongly recommend for ordinary professional jobs: use just we a set of 4.5 Hz
horizontal geophones (12 are actually more than sufficient for typical arrays up to 100
meters of so): we can record the radial component of Rayleigh waves and the Love
waves (see guidelines about data acquisition).

In this case the traces of the 13" channel (offset 20 m) were removed due to the poor
quality (remember that winMASW® can easily manage non-equally spaced data).
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A trained eye can immediately realize that Rayleigh waves (upper part of the panel) are
dominated by higher mode(s): the phase velocities are in fact much higher than the
velocities of Love waves (lower panel).

Using just Rayleigh waves can be dangerous because the velocity spectrum can be
misinterpreted: higher mode(s) can be considered as the fundamental mode thus leading
to significantly over-estimate the final Vs profile (this is unfortunately a very common
mistake when the “standard” MASW approach is applied).

After some forward modelling (also jointly with the HVSR curve), we can obtain a pretty

good agreement between our mode and the field data (dispersion is processed according
to the FVS approach):
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In case we want to see how modal dispersion curves behave, we can have a look at the
following figure. Comme d'habitude, Love waves are dominate [easily interpretable][ by
teh fundamental mode while Rayleigh waves are definitely much more complex and the
fundamental mode is practically completely missing.
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Please, remember that, when properly identified and modelled, higher modes are
something extremely useful to constrain the subsurface model. The problem is that, in
case you analyse just one component, modes can be misinterpreted thus leading to
erroneous subsurface models. Please, carefully consider the synthesis in the
“Introduction: the winMASW® holistic perspective” section of this manual.
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F17. Analysis of the T-component passive data (Love waves) obtained with a
linear and equally-spaced array

In the snapshot below, it is shown the ReMi panel (accessible from the main winMASW®
panel). Here you can upload your data (equally or non-equally spaced) and, once all the
relevant parameters properly set (correct geophone distance [in this case 5 meters],
frequency and velocity limits, window length etc.), we can run the codes (in this case we
ask the software to show only the average phase-velocity spectra).

In this case, we also activate the ESAC option so to compare the result obtained from the
“ReMi approach” (i.e. the phase shift technique applied to passive data) and the one from
the Extended Spatial AutoCorrelation.

velocity spectrum: limits
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Once we click the “compute” button, we immediately obtain two figures:

1) the first with the array

2) a second one with the amplitude spectra of each channel and the spectral ratios with
respect to the first channel (in order to understand what kind of information you can
obtain from these graphs, please see Dal Moro & Stemberk, 2022).

Needless to say that, as for any (passive and active) seismic acquisition, acquisitions
must be accomplished using homogeneous geophones (with the same identical
sensitivity curve) and the same gain value (if any).
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actual amplitudes
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After a few seconds, you obtain the final figure with three phase velocity spectra: the one
obtained considering the direction from the first to the last trace, the one considering the
opposite propagation velocity and the mean one (obtained simply averaging the first two
velocity spectra). Since in this case we also activated the ESAC option, overlapped with
the three velocity spectra is also shown (dots) the dispersion obtained via ESAC.

A few comments about the obtained results can be briefly outlined. If we compare the
velocity spectra from ReMi (i.e. phase shift) and the dispersion obtained from ESAC, we
can point out a sort of “special feature” since they coincide (the maximum of the velocity
spectra and the dispersion curve from ESAC have the same velocity). This is clearly not
in agreement with the general paradigm often outlined while considering the “ReMi
approach”, where the dispersion is said to be represented by the “lower limit” of the
obtained velocity spectrum (see pertinent literature). In this case, the correct/real velocity
(identified through the ESAC) corresponds to the maximum cohrence of the velocity
spectrum obtained from ReMi and not with the lower limit. The reason is quite simple: the
microtremor field is not homogenously (azimuthally) distributed but there are dominating
sources in line with the array (in this case the array was in fact perpendicular to two busy
streets running one North of it and one South — one was closer than the other and this is
shown by the amplitude spectra obtained at the very beginning of the computation).

direct direction reverse direction average (rev+dir)
1200 g
I ReMi [ ReMi
* ESAC * ESAC 1100 * ESAC

s approximate validity limits e approximate validity limits = approximate validity limits |

@
S
=]

800

8 700

phase velocity (m/s)
@
8

phase velocity (m/s)
w S (54 ~
& 8 3 =]
(=] o (=} o

phase velocity (m/s)
w 3
(=] [=]
8 8

N
1=
5
N
=3
S

6 8 10 12 14 16 6 8 10 12 14 16 6 8 10 12 14 16
frequency (Hz) frequency (Hz) frequency (Hz)

o o
HoliSurface® ) o

www.winMASW.com - geophysical software & services



winMASWe 369

F18. Automatic removal of industrial components from the HVSR

In this example we show the removal of an important industrial component at a frequency
where a real HVSR peak is also present.
First of all we compute the H/V spectral ratio in the usual way (see following snapshot).

MS BUIA_04CLEAN.SAF (sampling: 64 Hz) - Average Spectra
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MS BUIA_04CLEAN.SAF - HVSR [window: 17 s; kept segments: 161]
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To model the HVSR (also jointly with HoliSurface, MASW or ReMIESAC data), go (o the pertinent panels and upload the saved WV curve —— inversion

Together with the ordinary graphs, are also shown the coherence functions and the
quasi-unsmoothed amplitude spectra (for details see the “Computing, assessing and
modelling the HVSR” section of this manual).
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The presence of an industrial component at about 1.5 Hz is apparent but let’s try to
further characterize what happens at 1.5 Hz carefully assessing the following further
graphs.

We can further verify the presence of industrial components through more in-depth
analyses. In the following figure, it is shown the directivity of the horizontal component
(i.e. the amplitude spectra on the horizontal plane as a function of the azimuth): at 1.5 Hz
the amplitude is apparently very directive (it strongly varies with the azimuth).
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In case we compute the particle motion along the three planes considering the raw
data or a frequency where no industrial components are present, we obtain a so-to-
speak chaotic series of graphs without any specific trend (snapshot down below).
Reminder: we obtain this kind of graphs with the “Particle Motion & TLLA” button: by
leaving the field to the right of the button blank we will be dealing with the raw data,
whereas if we wish to consider a specific frequency we just need to enter it in that box
(left of the button). In the following snapshot we consider the 2 Hz frequency, where no
industrial signal is present (this is why we obtain a chaotic particle motion).

«107° density function «107 density function «107° density function

8 ‘ 5 5
T T
L o
e N t

g0 = 0 g0
o [a]
= D

-5 ‘ -5 -5

-5 0 5 -5 0 5 -5 0 5
EW %107 EW %107 NS %107
3D particle motion [2 Hz]

%1078

2

o o0

22

x10

NS -
S ew %107

www.winMASW.com - geophysical software & services



winMASWe 371

On the other hand, in case we ask the software to show the particle motion at 1.5 Hz (by
entering 1.5 in the box to the left of the “Particle Motion & TLLA” button), we obtain the
following graphs, which clearly show the unnatural (i.e. artificial cause extremely regular
and therefore not associate to the uncorrelated microtremor field associated to natural
microtremor sources).

<104 density function «10% density function «10™ density function
2 2
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i U _—— =0 i (IS, =i
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D1 1 =
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'
N

NS %107

3D particle motion [1.5 Hz]

: -
Particle motion at 1.5 Hz www.winmasw.com

%10

All these evidences clearly show the industrial origin of the 1.5 Hz component that we
now wish to remove from the HVSR. We can easily doing it using the “processing
industrial signals” button after having properly set the two simple related parameters in
the two small boxes at the left of the button.
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In the upper left corner the original HVSR [red curve] together with the processed one
(free from the identified industrial component) [blue curve]. As usual, all the figures and
related files are automatically saved in the working folder.
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F19. From the panel “joint analysis of phase and group velocities” (just one
component): joint modelling of the phase- and group-velocity spectra (FVS
approach) together with the HVSR and refraction travel times

Here a non-equally spaced active ZVF dataset with just 5 traces that allows us to depict
both the phase and group velocities (these latter defined considering just the last trace
— see red square), refraction travel times and the HVSR curve from a passive
acquisition. Since we are considering a very limited number of traces (length of the array
52 m), the phase-velocity spectrum shows also the effect of the spatial aliasing. This is
not a real problem because the actual dispersion is perfectly clear (in the 5-17 Hz
frequency range dispersion shows phase velocities of about 160-280 m/s). Of course, if
we increase the number of traces the spatial aliasing disappears (see our Elsevier book).
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The following snapshot reports the joint modelling of four (4) observables: the
Rayleigh-wave group and phase velocities (via FVS), the HVSR and the P-wave
refraction travel times (of course we can consider just the first arrivals). Needless to say
that in case we analyse the THF component we consider Love waves and SH-wave
refraction travel times.
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Appendix G: The Stesky's equation

Very often mixed materials such as the gravels can have very different Vs values
(approximately ranging from 300 to 500 m/s), depending on the relative amount of
cobbles and fine matrix (usually made of sand or clay - see Figure 1.16 of the "Surface
Wave Analysis for Near Surface Applications" Elsevier book)

In this respect it can be interesting to report the equation describing the resulting effective
velocity when two different materials are mixed up (Stesky, 1978):

1 L1 1
——@v—A-F(l—@]v—E

Vm

where Vm is the velocity of the mixed media, Va and Vs the velocities of the A and B

materials, @ the volume fraction of the material A in the mixed media.

3% = 7%

10%

2% 5%

®
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Appendix H: seg to SAF conversion

This tool can is used to convert seg2 data/files (with three traces) as SAF file. Please,
notice that in order to compute the HVSR (or perform HoliSurface analyses) such
operation is not necessary since in the HVSR and HS panels you can upload both SAF
and seg?2 files.

N winMASW® - Suiface Waves & Beyond

8 >

managing active data . .
managing passive data
vertical stack

) TCEMCD
pare 2 [ ] datasets
multiple-dataset filtering concatenate data
combine 3C data concatenate HVSR (safisg2)

combine 2 datasets ?

pre-processing post-processing & miscellanea
SEG to 5AF conversion

elastic moduli

Vs30 & VsE @ foundation
2D and 3D data

s = visualize RayFract files
2D velocity contouring s

Stesky's equation

30 projectivisualization
open (& edit) .fig figure
photos & GPS data -
area percentage

response-spectrum regularization

Now you can define:

1) unit of measurement: in case the data you get from your equipment have a physical
meaning, you can define it here (velocity or acceleration). In case you don't know it, just
let "counts";

2) the offset (this is relevant for HoliSurface® data - active data acquired while considering
a single 3-component geophone);

3) notes about the data/acquisition. This is extremely useful for instance in case you are
converting a dataset for HVSR analysis since you can indicate ancillary information such
as the coupling and weather conditions and any other fact that can be important to
consider while you process this sort of data.

When you upload the obtained SAF file in winMASW® or HoliSurface® (for instance in the
HVSR module), these notes will be automatically shown.
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In any case remember that in our HVSR panel, you can upload directly
the seg2 files you obtain from your seismograph.
No need to convert the data!

In the seg2SAF panel, it is also possible to define a multiplicative factor (see snapshot
below). The data will be then multiplied by that factor and saved in the SAF file.

E winMASW® - HoliSurface® - converting seg/segy data to SAF

working folder | dataset: SSR30min. seq2
_ inputfie | total time: 1709.992 s

[+] resample to about 62Hz [16 ms]
sampling: & ms
1| UD (vertical) channel nutber of channels: 24

[ 1]
i 2 | NS (horizontal) channel
| . number of samples: 225000

| EW (horizontal) channel

counts |

offset (m): |
| 1| mukiplicative factor
oW e rea At notes: I good coupling, sunny, no wind

notes to add to the SAF file
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Appendix I: basic procedures in brief

Here following you'll find the sequence of the procedures to follow re the different
available types of analysis. Refer to each relevant section to deepen needed details.

Independently on the kind of analysis you intend to perform, the very first action to do is
the setting of the "working folder" from the main winMASW® panel (button "working
folder"). This is a folder (previously created by the user) where all the field datasets were
stored/copied and where the outputs of the performed analyses will be saved.

Single-component MASW analysis (Rayleigh or Love waves)
1. from the main panel open the panel about “Velocity spectrum, Modelling & Picking”
2. upload the field data (button along the toolbar)

3. compute the phase (or group) velocity spectrum with the “calculate spectrum” or
“phase velocities” (depending on the version/release you have) (remember to properly
choose the frequency and velocity limits, which depends on the data and site
characteristics).

Now there are 2 possibilities:

a) do the forward modelling of the retrieved dispersion
b) execute the picking of the dispersion curve (that is our interpretation always), save the
curve and proceed with the inversion section

We strongly recommend the first approach (forward modelling)
since it allows a full control over the whole process: the user can
understand the data on the basis of his stratigraphic knowledge.

In order to follow this mode, click on “parameters” in the section “modelling” and insert the
relevant data to thickness and layers Vs .

The aim is to obtain dispersion curves that can perfectly lay over (coherently) the
distribution of energy shown by the calculated velocity spectrum.

If you wish to make this process automatic (automatic inversion of some dispersion
curve), you need to pick the dispersion curve(s) and then go to the inversion panel.

Here you need to choose the numbers of layers to use for the inversion or, in the case a
starting model was previously obtained and saved during the forward modelling, you can
upload it [option#2, reference (i.e. starting) model]. This later is the option we strongly
recommend: first some forward modelling and eventually (if really necessary) the
automatic inversion (i.e. optimization of the model).

Once fixed all the parameters involved in the automatic inversion (see specific sections in
the manual) launch (button “RUN”) the process.

Due to the problems related to data ambiguities (see introductory section of this
manual and related specialized literature), if you only rely on the automatic inversion of
one single component you always necessarily risk to obtain a solution which is
mathematically correct/good but geologically meaningless.
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ReMi analysis (in winMASW® Academy also for multi-component data)

1. from main window open the section “ReMi spectra”

2. once uploaded the data file (at least 1 minute long) and fixed the few parameters
calculate the velocity spectrum launching the procedure with a click on “spectra
calculation” (try different lengths of the analysis window, from a min of 4 seconds
to the whole length of the dataset)

3. save the best defined spectrum (highlight it through the little button)

4. enter the section “Velocity spectrum, Modelling & Picking” clicking on “analyze
saved spectrum”

4. in this section just upload the just saved spectrum clicking on “upload ReMi
spectrum’

The rest of the operation (direct modelling and/or inversion) is absolutely similar to what
before reported re the MASW analyses.

Remember that the interpretation/picking modalities for a ReMi dataset is different from
that of a MASW velocity spectrum.

Few basic recommendations (in order to obtain reliable Vs profiles)

always work with multi-component data

have a look at our video tutorials

read our books and papers (and try to reproduce the same kind of analyses)
self-learning: work with the data provided with the winMASW® software and get
familiar with all the several possible procedures

> opnh -
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Appendix L: multi-channel data concatenation

Among the utilities, it is also present the “concatenate data” tool. Through it, you can concatenate
two or more datasets. For instance, if you have 10 passive datasets each with 60 seconds, you
can concatenate (unite) them so to obtain a single dataset (10-minute long).

Example:

Let us try to concatenate two datasets (stendimento1.dat and stendimentoZ2.dat).

step #1:
Upload the datasets (use the “SHIFT” or “CTRL” buttons, so to select multiple files)

4| winMASW - concatenating seismic datasets g O >

www.winmasw.com

|m\ NP =, | show & save dataset (ASCH) |
o ! show & save dataset[.maﬂJ

Select multiple datasets by pressing "ctrl” or "shift".

Four conditions must be mst:

the number of channelzfgeophones, the geophone distance,

the =ampling interval and the file format must be the =ame for

all the datasets. Obtained data=et can be =aved as ASCI file
(=ee manual for further detailz}.

We HIGHLY recommend to use the Matlab format.

Please remember that for EZAC or Relianalyzes is not
necessary to have a single file (vou can upload multiple datassts
uzing the CTRL button}.

i exit

step #2:
Fix the tapering value (by default equal to 2%)

step #3:

click the “save obtained dataset” button choosing the format you need:

ASCII format (on the first line will be reported the sampling rate dt (in seconds) and the geometry
information);

Matlab/winMASW (.mat) format

At the end of the operation the following window (reporting the concatenated dataset) till appear:
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)] ww'nMASW—concatenatingseveralﬁ\es). ‘ L-:-,IEI g
Eile Edit View Insert Tools Desktop Window Help L)

DFHe [ R RRNBDEL- S0 D

0

02f

04r

tirne (s)

L 1 L 1 1 L L -
0 2 4 6 8 0 12 14 1.8 18 20
offset (m)

Of course, two conditions must be met:

1. the sampling rate (df) must be the same (for all the datasets)
2. geometry and number of traces must be the same (for all the datasets)

IMPORTANT

As a matter of fact, this operation is not strictly necessary to handle the data in
winMASWP. In both the ReMi and ESAC panels is in fact possible to upload n files
simply by selecting all the files as “multiple selection”, i.e. by holding the CTRL or

SHIFT button (as routinely done in all the window applications).
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Appendix M: tool TCEMCD

Using our HOLI3C geophone and winMASW Academy (tool TCEMCD) you can
efficiently acquire your passive data to process for ESAC and HVSR analyses
(recommended sampling rate: 6 msec, 167 Hz).

In the following figure is reported a typical acquisition setting: 21 vertical-component
geophones and our HOLI3C 3-component (2Hz) geophone are (simultaneously)
connected to a common 24-channel seismic cable.

Using the TCEMCD tool (in the Academy version) you can then extract the data for the

ESAC and HVSR analyses (for their joint analysis/inversion): you will obtain a standard
QAF fila (far H\V/SR) and a mat fila far tha FQRAC: analueac

® 2Hz vertical geophone
@ 4.5Hz vertical geophone

@ 3-component geophone (for HVSR, ESAC and MAAM)

24

® & @ © °® @ ©&

@ channelitrace##1 ESAC + HVSR joint acquisition
\

® 2

@

e—6 68 6 6 6 6

@
@ 12

®  ® @ the three components of our 3C geophone
16 13 (UD), 14 (NS), 15 (EW) (HOLI3C) are connected to three channels of the
seismic cable by means of the provided cable

This way the vertical geophone of our HOLI3C is exploited also for the ESAC analyses.

In the following snapshot are shown 960 seconds (about 15 minutes) of data. In this case the
channels 13, 14 and 15 refer to the data collected using our HOLI3C geophone: channel#13
refers to the vertical geophone, channel#14 refers to the NS geophone and channel#15 refers to
the EW geophone. By clicking "convert & re-arrange" you will obtain 2 separate files: the SAF file
for HVSR analyses and a .mat file to upload in the ESAC panel.

WinMASW(R! - HollSurfacefR); TCEMCD - o uploaded (normalized) traces
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Obtained data/files: on the left the data of the SAF file (for the HVSR analysis); on the right the 22
traces related to the vertical-component geophones to use for the ESAC analysis.

Three traces for HVSR (UD, NS, EW) [actual amplitude] " rest of the (normalized) traces
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Appendix N: tool "combine 3C data"
This tool is basically a facility for the MOSR "method" described in Ryden et al. (2003).

Very briefly: some active 3-component geophones available on the market are designed
to acquire active data at different offsets.

Typically you have your first acquisition at the most distance offset (e.g. 60 m from the
source), then you get closer and closer to the source (so you record your next active data
at 55, 50, 45, 40, 35 (and so on) meters from the source).

In the end you can gather all these data/files in a single multi-offset dataset and
"simulate" a MASW acquisition.

How it works

The simplest way to understand how it works is to try by yourself using a small example
(@ test dataset provided with the winMASW DVD - see the folder
"Demo_Datasets_dissemination/ProgettoMuscat")

ProgettoMuscat.pgw

You can open such a project file with any text editor (e.g. notepad) and you'll see the
following structure/information (the meaning is pretty clear):

It is a simple ASCII file with the .pgw extension

Project: Torviscosa
source: VF

sampling rate (s): 0.001
offsets: 72, 66, 60, 54, 48, 42, 36, 30, 24, 18, 12, 6
Torviscosa_ HF#1.SAF
Torviscosa HF#2.SAF
Torviscosa_ HF#3.SAF
Torviscosa_HF#4.SAF
Torviscosa_ HF#5.SAF
Torviscosa_ HF#6.SAF
Torviscosa HF#7.SAF
Torviscosa_HF#8.SAF
Torviscosa_ HF#9.SAF
Torviscosa_ HF#10.SAF
Torviscosa_ HF#11.SAF
Torviscosa_ HF#12.SAF
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08 >

www.winmoasw.Com

upload 3C-MASW project (and produce mulii-channel datasets}

Once you upload the ProgettoMuscat.pgw project, the following panels will show up:
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At the same time in the working folder six files will be automatically created: three segy-
and three Matlab (mat)-format multi-offset files.

More precisely, if the source is a Vertical Force (VF), you'll obtain three datasets (in the
double segy and mat formats):

RVF (radial component of Rayleigh waves)

ZVF (vertical component of Rayleigh waves)

TVF (the transversal component, which, in case you adopted an HF source, actually
means the THF component, i.e. the Love waves)
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Appendix O: data in mm/s with our HoliSurface® equipment

First of all, it is necessary to understand when it is or is not necessary that the acquired
data are in physical units (mm/s is the best solution), always reiterating that acquiring all

the data always and in any case in mm/s is a good habit.

HVSR: not necessary (but always useful)

Data for dispersion analysis (MASW, ESAC, ReMi, MFA/FTAN, HS, MAAM): not

necessary
Vibration analysis on buildings: extremely useful (highly recommended)

Vibration analysis at construction site (UNI/DIN): absolutely necessary

We need to follow the right procedures in two moments:
1) during data acquisition

2) when uploading the data in the software application (HS or winMASW)

We will see below how to correctly carry out the operations both during acquisition and

while loading the data.
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1. Acquisition

See documentation provided with your acquisition system. Here the information about
the geophones we provide.

The sensitivity of the 3C geophones we supply is:

- 2-Hz 3C geophone (the red one with metal case): 2 V/icm/s

- Geospace-Eliosoft 3C geophone (blue): 0.89 V/ecm/s [equalized down to about
0.2 Hz via software]

Single-component geophones (see label on their cable):

- model C1:0.82 V/cm/s

- model C: 0.92 V/cm/s

- model B1: 0.29 V/cm/s

- Geospace-Eliosoft model (blue) [recommended for MAAM, very useful also for
ESAC]: 0.89 V/icm/s

- model HL-3: 0.6 V/cm/s
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2. Data uploading for HVSR analysis
If you have recorded the data according to the instructions above, a dialogue box will ask

you for the unit of measurement of the data when loading the seg?2 file.

uploading files in SEG2 format
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Define the sequence of channels containing, in order, the UD (vertical), NS
(or radial) and EW (or transverse) component

apan warking foidar

T med ikt 11 5K {also joindy with MASW of HeMVLSAL daty). sawe the HW Cuneg, 9 o2 the “Walodlty Spectiumia. Modeling & Ficking ™ pancls and upfoad the saedd HV curse

Define the unit of measurement of the input data.

In case you are using our acquisition system and correctly following the
acquisition procedures (see previous section), select the option highlighted
in the snapshot above and you will get the data in mm/s.

With this option, data are multiplied by 1000 so to obtain values in mm/s.
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Appendix P: data editing - zeroing, flipping & removing traces

With this tool ("zeros/flips") it's possible to zero out or flip the polarity of single traces.

zeroing single traces

In the following snapshot you can see that the channel/geophone#11 is not working and we
decide to zero the whole trace out as in the figure.
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You can also notice the red colour of the "resampling" section: if the dataset was sampled at a frequency
higher than 1 ms (which is completely useless- just consider the Nyquist- Shannon theorem), the software
warns you about that and recommends you to resample the dataset [click on "accept” and you will obtain a
re-sampled dataset (by default the resampling rate is 0.5, so in case your original dataset was sampled at
0.5 ms, you will obtain a new dataset @ 1 ms).

Flipping (flipping the polarity of single traces)

O SvslA @ v 0w YT E e (B e ool e = R

g 3 AV, E vasaze ciries

#1: data upiading & rocessing

deraet 2 FHASE specnum mal MASU e sty seuete s sanliq fie specim,
sxporD spsctun

phaszvescty | 4 i wiksily 0| draw vebeky save | | upsad | | mogn T
- velocity spectrum [ZVF-PHASE-spectrum}
e | .
LTTTTTITT | in
. ‘ !
%’:E—i‘l_‘; { ; { & I et i ooox
T Tl ) -
S T TS50 ]
t1ilid2rsdas
Pl iaTieess
e s;rgsr%'f;-{?
3 ) 1 k' L P |
Plpltesstal
PPl liTFss
T !
TEEERY fd
! S ERELE. 3
‘ Fig 14t
5
il e U
i 3
=T Jstowx n
—— o £ sk ; T
= = S =
P
= = s c

Do you see trace#16 (in the original dataset)? It is quite clear that that geophone/channel has a
reversed polarity compare to the rest of the traces. On the right, the corrected dataset (trace#16
is flipped). You could also zero out trace#4 (geophone out of order).
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Removal of single traces

Let us see an example of this operation in the joint panel. In this case it is a dataset that we
might consider the standard one for multi-component and multi-offset (phase velocities)
analyses. Data were recorded using just a set of 4.5 Hz horizontal geophones so to
obtain the radial component of Rayleigh waves (RVF) and Love waves (THF).

If we have a look at the seismic traces, we can realize the relatively-low quality of the
trace#13 for both the components.
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We can therefore decide to remove such a trace (from one of for both the components). We
click the “removing: show” in order to verify that is bad trace is actually the #13 and once we
are sure about that we simply click the “removing: accept” button.

We are then back in the main panel and can note that that channel was actually removed
(remember that winMASW® Academy can easily handle non-equally spaced data).
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Now we can re-compute the phase-velocity spectra of the new (clean and
spaced) data [the trace with an offset of 20 meters is now missing].
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We can then decide to do the same thing for the second component (which in this case is the

THF —i.e. Love waves).
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Appendix Q: stack (Academy version)
This tool is available both among the “utilities” (“managing active data” group), both in the
toolbar of the “Velocity Spectrum/a, Modeling & Picking” panels (VS button).

Once you click the “vertical stack” button, you’ll be able to select all the files you want to
stack (see snapshot here below).

o in IASW® - Surface Waves & Beyond =
WWW.WINMasw.Com utilities
& winMAS

| @ B. [ @ @ @ m @ | ‘Cf. ﬂ | managing active data managing passive data

vertical stack TCEMCD
parallel computing R s s concatenate data
multiple-dataset filtering
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ks ¢ elastic moduli

SEG to SAF conversion
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single-ct
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Raylg 3 [] 2017-06-15_09-40ZVFdi3mod .ceg2 15 SEG2 Fil
3§ 3D Objects T =
| | 2017-06-15_09-40ZVFdx3mod_shotl.seg2 SEG2 File
B Desktop [ 7] 2017-06-15.09 40ZVFdi3mod shotZ.seq? 15 SEGZFile
5| Documents [ ] 2017-06-15_09-40ZVFdx3mo4 shot3.seg? 15 SEG2 File
joint al & Downleads [ 2017-06-15_09-40ZVFdi3med,_shotd.seg2 15 41 SEG2 File
g D Music [ 2017-06-15_09-40ZVFdi3mod._shot5.seg2 1 41 SEG2 File i
= G preview
T B Pictures | ] 2017-06-15 09-40ZVFdx3mo4 shotb.seg2 | SEG2 File P
oint Invj
1 06~ - 7, 5 SEG2
B vidos L] 2017-06-15.09-407VFd3mod shot7.seg2 15 SEG2 File
[] 2017-06-15_08-40ZVFdx3mo4_shotB.seg2 | SEG2 File
ie Local Disk (C:} =
[] 2017-06-15_08-40ZVFdx3mo4 _shot9.seg2 1 SEG2 File
T Ditve {123 [7] 2017-06-15.09 40ZVFdx3mod. shot10.seq2 i SEGZFile
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Open Cancel

Once you upload the data (also providing the geometry — i.e. the minimum offset and the
geophone distance), you will then obtain the following figure (the very last plot reports the
stacked data — as you can see the S/N ratio is now better).

The stacked data are saved (segy and Matlab format) in the working folder with the file
name you will provide in the dialog window will appear.

In this example (see following picture), the (active) data were recorded with the channels
“‘inverted”.

When you upload them in winMASW®, you will be easily flipped them with the “flip
traces/data” button.
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Vertical stack of seven shots: the last one (on the right, lower panel) is the
obtained seismic dataset.

Do you know that we analyzed the surface waves recorded on the Moon
during the Apollo missions (active and passive data)? Would you like to
know what we found out? Have a look here:
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Appendix R: plotting multiple HVSR curves (2D HVSR sections)

By clicking the “show multiple HVSRs” button you can upload a series of HVSR curves
(.hv format) previously saved in the same folder and obtain the following plots (their use
and meaning is clearly really wide and it depends on your “fantasy” and needs).

While uploading of the curves, it is possible (through two simple dialogue boxes) to fix the
minimum and maximum frequency to plot and the specific positions of each HVSR curve
(inline positions).

Two possible uses:

1) If we collected several HVSR at the same site, we can compare them using this tool;

2) In case we collected HVSR data at different points (e.g. across a valley), we can have
an idea of the overall trend of the subsurface main features (e.g. the bedrock) and you
obtain a sort of 2D HVSR section.

Visualizing all the uploaded HVSR curves:
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Plotting the original HV curves according to a 2/3D perspective
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Small magenta squares report the position of the 21 curves considered for this example.

Summary image where are also reported the filenames of the uploaded curves (so to
keep under control everything):
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How to obtain the inline positions to use for your 2D HVSR section?

Three possible ways to do it (but you can maybe discover further ways to do it):

1) The most traditional way is the physical measurement on the field of the distances
from the zero/reference point for instance with a measuring tape;

2) Using Google Earth and its tool for measuring the distances from one point [of
course you need to know the location of each single measuring point];

3) Using the “multiple geo-referenced photo” tool available in HoliSurface® and
winMASW® Academy — see relevant Appendix). Of course the precision depends on
the device/smartphone you used on the field (and on the satellite cover of the site).
Usually this approach is fine in case you are exploring vast areas and there is no
need for very-high accuracy.

1_dich_202108-13_17-35-38673 jog 2_70210828_181153_HOR jog 2PD_20710913_17-54-124831 jpg 3.20210826_182027 jpg 4_GPS_2021.09-08_12-07-36-568 jpg 6.20210903_195420 jpg

12_20210626_184913_HOR.jpg 13_20210831_160123 jpg 15_202109-15_18-20-02017 jpg

16_202109-15_17-58-56-510.jpg 17_2021-0915_17-44-51-331 jpg 18_20214945_17-12-22183jpg 19_202109415_17-13-34.973.jpg 20_202109-15_18-53-38-542 fpg

9_2021-0008_1212:29-076.pg 10_GOPRSISE.JPG
i
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Plotting the logarithm of the HVSRs (so to better highlight the low amplitudes):
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normalized HVSR

Plotting the normalized curves (to clearly follow the general trend):
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Frequency-depth conversion

In order to convert frequencies into depths (which is useful in the case the subsurface
structure is particularly simple and we can believe that a certain “signal” [peak or not] is
related to a specific stratigraphic horizon), a dialog box pops up at the end of the
processing and the user needs to input the average velocity (Vs) down to the signal we
want to focus on.

This can happen for example in case of a valley in which we have a roughly
homogeneous coverage characterized by a certain Vs that depends on the nature of the
sediments. Using the relation =Vs/4H it is possible to obtain what is shown in the
example shown below, where the bedrock is covered by a series of soft sediments with a
mean Vs equal to 120 m/s.

The Vs value to input should clearly come from dispersion data (in this case from
HoliSurface® analysis) and not from mere assumptions.

normalized HVSRs [assumed velocity: 120 m/s]
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inline position

www.winmasw.com

normalized HVSR
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12
depth (m) 14 =

inline position

0

The image is saved in the working folder with a file name that also includes the input
velocity used for the conversion. This is useful, for example, in case we have two or more
peaks and, in order to obtain the trend of both the pertinent stratigraphic contacts, we
perform two conversions (with two different velocities), the first with the mean Vs above
the high-frequency peak and the second with the mean Vs above the low-frequency peak
(in the working folder we will then obtain two files, related to two different velocities).
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Appendix S: 3-component data concatenation (.SAF format)

Among the utilities (in the “managing passive data” group), you can also find the
“concatenate HVSR (SAF)” tool.

By clicking that button you will be able to upload a series of .SAF data (the standard
format for microtremor data for the HVSR computation) and you will automatically obtain
a (single) “total-HVSR.saf” file with all the uploaded data.

In the example here below, we uploaded three SAF files (each 24h long) so to obtain a
single file with 3-day data.

5 T = 4 winMASW® - Surface Waves & Beyond - X
en |l &eoaES A 3
; —_— www.winmasw.com utilities
rallel computing "
P " - nternat stes - - managing active data managing passive data
Parallol Compuling On S Aar e
(T2 workers) compare 2 datasets e
2 ! where am I7 [GPS] i
surface waves & beyond muttiple-datzset fitoring concatenate HVSR (SAF)
i ‘combine 3C data -
| — combine 2datssets | 2
e www.winmasw.com | synthetics | E— posiroosssig R mibilomss
SEG to SAF conversion efastic moduli

[ i _JABO OCH3day

Vs30 8 VSE @ foun..,

20 and 3D data

single-component analysis (Rayleigh/Love) (+ HV) passive seismics

o s
[ Notosy spectrum,odsina & Fiina | -
single-observable inversion [disp. or HVSA] ? HVSk tools
DTM tool

Joint Analysis of Phase & Group Velocities 2 R z

P R s 5 S0 conve rtSEGto SAF | show multiple HVSRs

Joint analysis of Surface Waves (+ HV) joint inversion of dispersion & HVSRIRPM
Academy - 2020 [TGheck currontrelease |

Please, remember to register your purchase: winmasw@winmasw.com (read carefully the license)

Once the single SAF files are uploaded, you can specify the file name for the total dataset
(again as a SAF file).

o MOCH.saf o MOCH1.saf
200 - 2 200 -
400 400
A | I - - = | R B
£ 600 £ 600 = I
o S S S °
£ 800 £ 800
1000 1000
=
1200 - 1 1200 B B
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1400 I 3 i | i i 1400 . i |
1 2 3 1 2 3
channels channels
o MOCH2.saf o saved data: total-HVSR.SAF
200 - == == _———
1000
400 -
S 500" z
g% E 2000 -
g 800 - é
1000 - 3000
1200 - 1
4000 -
1400 - E . + . +
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In case the dataset is exceedingly large (due to a high sampling frequency and/or
because of a very long recording) the final (total) dataset is not shown (but it is clearly
saved with the file name provided by the user):

PVES25.saf PVES26.saf

3]
=
S
@
=3
=]

£ £
E E
£ £
£ ~ 1000/ ~ 1000
0
% 1 2 3
E channels channels
% 0 PVES27 saf
3
2 = 500
£
g very large dataset [not shown]

1000 |

1 2
channels

Z [vertical]

A [radial]

[transversal]

JOINT ANALYSIS OF SURFACE & BODY WAVES
AND ADVANGED TOOLS FOR VIBRATION DATA
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Appendix T: managing multiple geo-referenced photos
[exploration of wide sections]

This tool (among the utilities of winMASW® Academy and HoliSurface®) is meant to
efficiently manage the exploration (especially via HVSR) of large areas/profiles, where
the accuracy of the positioning is not an issue and a relatively-large error (usually 2-4 m)
does not represents a real problem.

The point to address through a concrete example. Let us imagine we want to highlight
possible lateral variations along a relatively-long profile via passive data (HVSR / ESAC
or interferometry). Let’'s us now here consider the HVSR case.

step#1 (in the field)

At each measurement position of the 3C geophone take a picture with our smartphone,
action Camera or whatever - see the section “GPS data in our software applications
(WinMASW®, HoliSurface® & ELIOVSP®)”.

Let’s imagine we want to consider 12 points/photos (in this case along a profile more or
less 170m long).

step#2 (at home)
First we better name (re-name) the photo files in a sequential way. For instance:
1_site1.jpg; 2_site2.jpg; 3_site3.jpg; 4_site4.jpg etc.
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step#3

Once we put all the photo files in the same folder (to set as working folder from the main
panel of winMASW®/HoliSurface®, we can now click the “photos & GPS data” button
(among the utilities) and upload the twelve (12) photos at once (multiple-file selection
possible with the ctrl button).

B Holisurface® - utilities

HS HS utilities

managing active data
managing passive data vertical stack

TCEMCD assemble VFIEX with HF

double MAAM compare 2 datasets

concatenate HVSR [SAF) compare N datasets
average veloeity spectrum
pre-processing
5EG 1o SAF convarsion
post-processing & miscellanea
2D and 3D data
qciNspt-Vs
upload & show GRD fila
elastic modull

2D velocity contouring
V=30 at foundation

M) peojoctivimindlzation

Stesky's equation

DTM™ tool scientific calculator

__photos s GPsaata | e pa e

oal for uploading multiple GPS photos and create figures, KMZs and more [see manual]

As an alternative to uploading the 12 photos, it is also possible to create and upload a
“project file” in the form of a trivial ASCII file (therefore with the.txt extension) in which
the files of each photo are written (one per line).

Here is an example of a project file (example "project_file.txt") for uploading 4 photos:
2 20210826_181153 HDR.jpg

4 GPS_2021-09-08_12-07-36-968.jpg

9 2021-09-08_12-12-29-076.jpg

13_20210831_160123.jpg

What is the difference between uploading the n images and using a project file?
Only one (but from a practical point of view very important): if the files/images are
uploaded directly, they must be re-named as indicated above (in case we want the
correct sequence and therefore the correct lengths/distances).

If, on the other hand, we use a project file, it is not necessary to name the image files
sequentially because the sequence will be the one indicated in the project file itself. In the
latter case, the images may therefore have any name (e.g. sito1.jpg, 2ns_site.jpg, 2021-
09-09.jpg etc.).
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In any case you will automatically obtain the following figures/outcomes (automatically
saved in the working folder):

numberZbis.jpg numberd.jpg

numbers jpy numbersjpy number7 jpg numbar8_2m_seoer_northward.jpg

numberdjpg number10.jpg

www.winmasw.com

numberl4_2020-08-06_19-30-36-768 jpg

Figure with all the uploaded photos

In the working folder, for each photo you will obtain a “summary figure” and a kml file
with the same name as the uploaded photos (e.g. “SiteLocation_4 number4.kml”) [of
course they can be then easily uploaded/used in Google Earth].

d jpg
Atitude: 44 m
Latias 4 1uaTEN
Long: 13 21 147039€
Lat: 45.73663162001 30738315133 N

Long: 13.3540044100026419027027 E

e et e
...., £
V "'?:’f ?ﬁ

www.winmasw.com

Three figures with the same meaning: the position of the twelve sites with three slightly-
different ways to visualize such information (you can choose the one that better suits your
needs and taste). In the lower right corner are reported the (editable) linear
distances from the first point. You can highlight the whole sequence and copy and
paste the obtained values wherever you need to do it.

For instance you can copy and paste such a sequence (i.e. the inline positions) in the
project file that can be used to automatically batch processing all the HVSR data (see
Appendix “batch processing of multiple HVSR data” — fifth line of the project file).
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Needless to say that you can modify/correct large errors due to inaccuracy of the device
you used to take the snapshots in the field.
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The following HVSR 2D section is just an example of a concrete application of the
distances obtained considering the procedure described in the Appendix “batch
processing of multiple HVSR data”.

In simple terms: a series of HVSR data were collected along a profile. For each point a
geo-referenced picture was taken.

The photos were uploaded with the utility described in this Appendix and the point
locations along the profile was therefore obtained (of course a simple straight profile is
considered).

In this case the length of the profile is about 700 m and the considered number of points
is 18 (with a better focus in the first 350 m [higher point density]).
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. SSR Hill Project - topography
46 % i
all |
E ™~z
E;42 = g T
.%40 1
3 A
38 k. |
36 | —— EL‘:‘-_.__ 2l kg ,;./lv
0 100 200 300 400 500 600 700
HS position (m)
_ dark: initial; light: final normalized HVSRs

HVSR

‘ —— T — — ,.‘,. 3
2 3 5 o780 600
frequency (Hz)

46°15'N
46°N

@ 45°45'N F“J“". s

45030 130

Latitude

Longitude

E
0
U
3
Jl
T
E
£
3
g 10
y E E
£ o
220 3
[« [}]
] =1
30
0 200 400 600 0 200 400 600
position (m) position (m)

Please, see also the Appendix “batch processing of multiple HVSR data”.
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Appendix U: batch processing of multiple HVSR data [also for 2D
reconstructions]

Processing a large amount of HVSR data can be time consuming. In order to do it
automatically (thus saving time and energy) you can use this tool (available in winMASW®
Academy and HoliSurface®). A very simple ASCII project file need to be written and
saved so to be uploaded using the “multiple HVSR batch processing” button in the
HVSR panel.

HoliSurface® & winMASW® - Horizontal-to-Vertical Spectral Ratio (HVSR)

ST IEFAEEEREIE R D]

show current data reset multiple HVSR batch processing ‘

step#1 (optional) - decimate

64 Hz ~ new frequency resample

All the files to be processed must be stored in the same folder where you also have your
project file.

An example of data and project file is provided together with the winMASW/HoliSurface
software in the “Self_Training_Data_Dissemination” folder (see subfolder
“Automatic 2D HVSR_section_data_and_projectfile”).

The project file is a simple ASCII files with the following structure/content (try to open the
“project_file_18points.txt’provided file):

The Hill Project

2D HVSR section#1

290 350

0

0 7 13 23 57 80 85 110 118 127 137 146 190 220 287 327 507 725
47 46 45 43 42 41 39 37 36 36 36 36 355 355 35 35 35 365
firstPOINT.SAF 1123 photo_site1.jpg

secondPOINT.seg2 1 12 3 photo_site2.jpg

locationTHREE_doubleHOLI3C.seg2 1 1 23 photo_site3.jpg
locationTHREE_doubleHOLI3C.seg2 26 54 photo_site4.jpg

Meaning of each row
First line: project name
Second line: just a note for you
Third line: the average velocity (Vs) between the surface and the horizon/contact you
want to follow (equivalent Vs). This can be for instance the contact between a shallow
soft (e.g. silt) layer and a gravel layer (this kind of contacts can create very large HVSR
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peaks) or the contact between a quaternary layer and the bedrock. Please, remember

that an HVSR peak does not necessarily refer to the bedrock. If you insert two (or more)

values, the conversion from frequency to depth will be accomplished for all the reported

values.

Forth line: this is the “hibernate computer” flag. If “1” (one) at the of the batch processing

the computer will automatically hibernate (this can be useful for instance in case you are

batch processing a large amount of data and want to launch the procedure and forget

about this); in case the value is “0” (zero), at the end of the procedure the computer will

not hibernate.

Fifth line: the inline position of each point (in meters) [see also Appendix “Managing

multiple geo-referenced photos [exploration of large areas]’]

Sixth line: the topography for each point (in meters). In case you are not interested in

such a feature, just put one single zero (0) value.

Seventh (and successive) line(s). Along these lines must be provided four (4)

information:

9) the filename of your microtremor data (considered both SAF and seg?2 formats)

10)the number of the considered 3C geophone (a seg?2 file can contain data about more
than one 3C geophone! — see later on)

11)the sequence about the vertical, NS and EW traces for the considered geophone

12)the filename of a georeferenced jpg photo (see pertinent section of the manual). In
case you do not have it, just write “photo1.jpg” [you must write something!]

With some acquisition system you can record several “HVSR” data at once, at multiple
locations. For instance, with our standard system (and important news will be soon
available), you can easily connect two HOLI3C (3-component) geophones and
consequently record the data to obtain the HVSR curves at two different locations.

seismograph

3C geophone ‘ 3C geophone

When you are using two (or more) geophones at once, your file will clearly contain more
than just 3 traces. Let us here consider the simple case of 2 3-component geophones
recording simultaneously the data. You will clearly have a final dataset/file with 6 traces
(3 about the first geophone/site and 3 about the second geophone/site).
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In order to easily manage this sort of multiple-HVSR data in your project you can easily
specify/define the meaning of your data file in the project file. If, for instance, the file is
named “locationTHREE_doubleHOLI3C.seg2”, you need to specify the meaning of the traces
like this:
locationTHREE_doubleHOLI3C.seg2 1 1 23 photo_site1.jpg
locationTHREE_doubleHOLI3C.seg2 2 6 54 photo_site2.jpg

This way we tell the software that the first three traces [1 2 3] are about the first
geophone (see the red number) while the traces 6 5 4 are about the second geophone
(see the red number).

Of course, in case we are dealing with a single geophone we simply need to write
something like “1 1 2 3” (in case the trace sequence is UD NS and EW) or “1 32 17 (in
case the trace sequence is EW NS UD) [this depends on your acquisition system).

A further possible situation is when the HVSR must be computed while considering the
data recorded considering a joint HVSR+MAAM set up (like in the following picture). For
those who are not familiar with this technique, MAAM stands for Miniature Array Analysis
of Microtremors (see our HoliSurface software application page and this video).

In this case our data file will have 7 traces: 3 about the 3-component geophone and 4
about the 4 vertical geophones used for the MAAM.

Also in this case we need to properly tell the software which ones are the UD NS and EW
traces to use for the computation of the HVSR. If, for instance, the 3-component
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geophone was connected to the first 3 channels of the seismograph the line will be
something line:

2020-08-06_18-32_point13_HVSR_MAAM110.seg2 112 3 photo1.jpg

On the other side, if the 3-component geophone was connected to the last channels (so
the first 4 channels were used for the 4 vertical geophones), the line could be for instance
something like:

2020-08-06_18-32_point13_HVSR_MAAM110.seg2 1 76 5 photo1.jpg

In this case the system and the configuration is such that the 7" channel is about the UD
(vertical) component, the sixth channel is connected to the NS component and the fifth
channel to the EW component.

It is therefore of paramount importance that you know exactly how your acquisition
system works (remember we provide all the necessary field equipment and software
necessary for any kind of seismic application, please visit our web site).

Outputs:

At the end of the procedure you will obtain a series of folders where the full analysis of
each dataset is stored. For instance, if the 17" file is named “8_2020-03-03_15-
09HUNTERDbis” the full analysis will be reported in a new folder named
“HVSRoutput_17_8 2020-03-03_15-09HUNTERDbis”.

You will also obtain a series of figures with the reconstructed 2D data (see next pages).

Recommended procedure (try to do it with the provided data):

1) set the working folder (where all the data and project files are stored)

2) upload a geo-referenced photo of the area (this is optional but recommended)

3) upload the first dataset and do some processing aimed at defining the best
parameters to use during the processing of all the data that will be batched
processed

4) once the best processing parameters are chosen (length of the window, minimum
and maximum frequency to consider, smoothing, equalization options etc.), activate
the “full output” and the “close windows” options and upload the project file with the
“multiple HVSR batch processing” button.

In the following pages, we report the outcomes you can obtain while adopting such a
procedure (with the provided training data & project file).
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In the following figures are shown the amplitude-spectra curve and the normalized

HVSRs (so to better emphasize the HVSR peaks and their continuity over the inline
positions)
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normalized curves
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Amplitude spectra (actual and normalized amplitudes) for the three components [vertical,
NS and EW].
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HVSRs (actual amplitudes) using two different color scales:

actual amplitudes [linear scale]
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Further (final) figures

SSR Hill Project - topography
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A second example

In the following figures, we can see the outcome in case no topography is considered.

positioning and topography [26 points]
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Actual amplitudes: the large peak at about 6 Hz is due to a shallow (local) peat channel
while the peak at about 0.5 Hz is due to the deep bedrock
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Depth conversion

The two figures shown here are obtained while considering two different mean Vs values
(third line in the project file): 50 m/s and 380 m/s.

These two values were fixed considering the specific characteristics of the site. While the
HVSR peak at about 0.5 Hz is about the deep bedrock, the large peak at 6 Hz is due to a
peat channel. The local peats are characterized by a Vs value of about 50 m/s (such a
value was obtained through the analysis of surface-wave dispersion — in this case via
MAAM) while the average Vs value for the whole stratigraphic column down to the
bedrock was estimated while considering ESAC data.

Using these two values (50 and 380 m/s) in the project file (third line) we can obtain the
approximated depth of the peat channel (in this case about 3 m) and the depth of the
bedrock.
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Appendix V: HS-QC [Quality Check] software: your field assistant

Most of the acquisition software applications of the seismographs available on the market
lack of tools for the assessment of the data quality. Once your (active or passive) data
has been acquired it is in fact impossible to evaluate the actual quality in a clear and
"quantitative" way.

For this reason, in order to not bring home poor-quality data, a QC [Quality Check]
version of our software applications has been implemented.

From the 2021 release, HoliSurface® and winMASW® Academy users also receive a USB
dongle for the HS-QC software, to use during your field acquisitions in order to verify the
data quality.

The data quality can be evaluated for both active (MASW and HS) and passive (HVSR,
ESAC, ReMi, MAAM, vibrational) data.

The software is clearly also available for those who do not own HS or winMASW ACD (at
a small price).

There are two families of panels:

1) quick analysis [dark blue buttons]: they allow a very quick and immediate evaluation
of the data;

2) "full" analysis: they allow you to upload the data and perform broader and more in-
depth analyses (these are simplified versions of the analyses possible with HS).

A tool for the stack of your active data is also available (see bottom right button in the
main panel here below).

4 HoliSurfacz® - Halistic Tool for the Analysis of Surface Wave Propagation and Vibration Data

=% oealxe A

HS - QC (Quality Check) software: your field assistant

I I S - Internet sites - -

software for the quality check of active and passive seismic data [release 2020] check current release

www.HoliSurface.com

I\ELIOSOFT\Dati\SSR\Medea\New_HS_HVdata_usualMEADEOW_ABgeo\Acq2_10kg

| quick HS | [ quick MASW | quick ESAC / ReMi / MAAM / HVSR / vibrations
HoliSurface, MAAM & HVSR passive seismics vibrations
HVSR show multiple HVSR e utilities
isp+HVSR SSR & SD buildings
HoliSurface Holi-Inve MAAM
2C Inversion (Disp + HV HV2D vertical stack
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THE THREE QUICK BUTTONS

For the fastest quality check three QUICK button are avaialble from the main panel,
depending on the type of data you are considering. After you click the pertinent button
and upload the recorded dataset you automatically obtain one of the following outcome.

ACTIVE DATA
HS data [“quick HS” button]

shown the traces, the RPM curve and the “velocity converted” traces
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of course you can zoom in
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PASSIVE DATA

Button “passive: quick ESAC/ReMi/MAAM/HVSR/vibrations”
shown the traces with the actual amplitudes (in the example below there is clearly something
wrong with the channel#12)
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1S - QC (Quality Check) software: your field assistant
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Also shown the amplitude spectra (actual and normalized values — again: the problem with the
channel#12 is clear and you need verify the reason on the field: it can be a poorly connected
geophone etc.)
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A further output is the Spectral Ratio of each trace with respect to the first trace.
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Traces, amplitude and phase spectra of the uploaded traces:
the presence of a bad trace is (again) apparent.
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HVSR

In case the uploaded dataset is composed of just three traces, the software considers the
data as microtremor data for the computation of the HVSR and automatically computes
and shows the following outputs

ACTUAL AMPLITUDES
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Smootghed (12%) amplitude spectra and HVSR computed considering two possible
situations (which depend on the characteristics of your acquisition system):

1) on_the left the results in case the meaning of your traces is vertical, H1 and H2 (i.e.
the vertical component is the first trace — standard format);

2) on the right the results in case the meaning of your traces is H1, H2 and vertical (i.e.
the vertical component is the third trace).
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THE “ORDINARY” (SIMPLIFIED) PANELS

In addition to the QUICK buttons/analyses, a simplified version of the ordinary panels are
available, which allow some more detailed — but anyway simple — data analysis to
perform already on the field during the data acquisition (in order to simply the field
operations the active buttons are highlighted in ﬂ).
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Appendix W: Setting up the HoliSurface® acquisition system

In order to record HS (HoliSurface®), HVSR or vibration data with a single 3-component
geophone (HOLI3C):

1) Connect the (female) connector of the HoliSurface seismic cable to the (male)
connector of the seismograph (channels 1-12)

2) Connect the HOLI3C geophone to the end of the HoliSurface seismic cable (female
connector of the HOLI3C geophone to the male connector at the end of the HoliSurface
seismic cable).

See also the following video tutorial: https://youtu.be/hgjJvAxL6xQ

Remember that, if you want to record the active data for the HoliSurface [HS] technique,
the arrow of the HS sticker [on the HOLI3C geophone] must point the source.

3) Now, launch the acquisition software (that you previously installed) and fix the
acquisition parameters suitable and necessary for the acquisition you are going to do
(remember that, if you properly connected the HOLI3C geophone [for HS, HVSR or
vibration data], you just need to activate the channels 1 2 and 3).

This way, the data file you will obtain will have just three traces: the first trace is the
vertical component (Z), the second trace is the radial (R) component (or NS direction),
then third trace is the transversal (T) component (or the EW direction).

Two short notes

a. in case in just want to record some passive data (for instance to define the HVSR or
to record vibration data for a structure/building — please see the “Efficient Joint Analysis
of Surface Waves and Introduction to Vibration Analysis: Beyond the Clichés” book
published for Springer), you can connect the HOLI3C geophone directly to the
seismograph (without the HS seismic cable). If you connect it to the 1-12 connector, you
need to activate the channels 1 2 and 3 (as we saw before while using the HS seismic
cable). The meaning of the obtained traces will be the same: the first, second and third
traces will be the Z, R (or NS) and T (or EW) components. On the other side, if you
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connect the HOLI3C geophone to the 13-24 connector, you need to activate the channels
22, 23 and 24, which (secularly/symmetrically) will be now the T R and Z components,
respectively. In other terms, if you connect the HOLI3C geophone to the 13-24 connector,
the three traces you will obtain will be: T (first trace), R (second trace) and Z (third/last
trace).

b. As a matter of fact, in case we intend to perform an HS acquisition with a limited offset
(say 2-4 m) it is possible to connect the HOLI3C geophone directly to the seismograph
(without the HS seismic cable). This can be done in case we intend to investigate just the
very shallow layers. Please, have a careful look at the following photo/example: the
HOLI3C geophone (the blue small case on the left) is connected directly to the
seismograph while the source is, together with the trigger geophone on the right (in this
case the offset is 3.7 m and the joint analysis of the active data together with the HVSR
allow to characterize the soil down to about 10-30 m).
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How to easily obtain a multi-offset dataset (for phase velocity analysis - still
often called “MASW)” with our eniry-level acquisition system (4 single-
component geophones + one 3C geophone)

The "basic" HoliSurface® system includes the HOLI3C 3-component geophone
and 4 single-component geophones (the vertical ones are used for MAAM, but we
can also work/provide with horizontal geophones, so to acquire the R and/or T
components). Everything is easily packed in a backpack (see picture below).

We connect the HOLI3C geophone to the end of the HoliSurface® seismic cable (see, for
example, the introductory video tutorial about the HS acquisition -
https://youtu.be/hqjJvAxL6xQ) and the 4 single-component geophones (in this case the
vertical ones) to 4 channels of the same seismic cable, as in the scheme shown below
(for the adopted nomenclature, see our Springer and Elsevier books — dx is the
geophone spacing and mo the minimum offset).

The HoliSurface® seismic cable is then connected to 1-12 block of the seismograph.

Note: if we are using a 9-channel HoliSurface® seismic case and we connect the
HOLI3C to its final connector, we can connect the single-component geophone to any/all
of the 9 channels along the cable.

On the other hand, if we are using a 12-channel HoliSurface® cable and have connect
the HOLI3C geophone, the first three channels of the cable cannot be used since the
signals from the 3C geophone travels along the first three channels (in this case
channels/connectors 4 to 12 will be available, but not the first 3).

If we carry out only the first of the two acquisitions represented in the scheme below
reported, we obtain a dataset with 7 traces [the 4 single-component geophones + the 3
traces of the HOLI3C geophone referring to the Z, R and T components].

If we then move the source away by a length equal to dx/2, we obtain a second dataset
with similar characteristics but with different offsets/distances.

Let us imagine that we have 4 vertical geophones (the same ones used for the MAAM).

www.winMASW.com - geophysical software & services



434 winMASW®

In the example shown below, the geophone distance (dx) and the minimum offset (mo) of
the first datasets are both set equal to 7 m, while for the second acquisition the source is
moved to 10.5 m from the first geophone (mo = 10.5 m). This value is simply the
summation of the previous mo value (7 m) + half the geophone distance (7/2 = 3.5).

Removing the “wrong” traces

Now, in winMASW® Academy, from the single-component analysis panel, we upload the
first dataset (where mo = 7 m). In order to obtain a homogeneous dataset (remember that
now it also contains the R and T traces of the HOLI3C geophone), we have to remove the
R and T traces of the 3-component geophone (HOLI3C). If we have recorded the data
correctly, the second and third traces have to be removed. The first traces refers to the Z
component of the HOLI3C 3-component geophone and must be kept (since along the
cable we connected 4 vertical-component geophones). To remove these traces click the
"zeros/flips/remove" button and follow the procedure aimed at removing the second and
third trace.

Modifying the offsets

Having removed 2 traces, we must now modify the offsets by entering the correct values
("modify offset" button). Once we do it, we obtain a proper 5-trace dataset (referring to
the same component) with the correct offsets.

If the array is not particularly long and we are not too interested in high frequencies, a 5-
traces dataset may be sufficient (spatial aliasing is not a big issue - see e.g. Dal Moro et
al., 2003) but if we want to double the number of traces (halving the geophone distance),
we must also have recorded the second dataset (see image below) and perform the
same operations described above for the first dataset.

At this point we have two 5-trace datasets (in this case all the trace refer to the Z
component but we usually recommend to work with the T component, i.e. Love waves)
that we can assemble together with the "combine 2 datasets" tool available among the
winMASWE® tilities.
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In the following, an example of the 10-trace dataset obtained following this procedure (the
dataset is analysed according to the FVS technique — see black contour lines that refer to
the Vs model shown below and match very well the field phase-velocity spectrum [colours
in background]).
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It is important to remember that for the analysis of phase velocities ("MASW") it is
often recommended to use horizontal geophones which allow working with Love
waves (as well as the radial component of Rayleigh waves).

The procedure is the same, with the only difference that if we were working with the T
(transversal) component, the traces referred to the HOLI3C geophone to be eliminated
would not be the second and third (as in the previous example) but the first and second
(which, if the acquisition is performed according to the scheme we recommend, are the Z
and R components respectively).
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The bottom-line point

Of course, the question that should be answered is always the same: why working with
multi-offset data (necessary for the determination of phase velocities) when the same
results can be obtained with the group velocities (which can be computed using a
single trace)?

Here is the FVS analysis of the phase velocities (above) computed considering all the
available 10 traces and the FVS analysis of the group velocities (below) computed
considering ONLY the last trace (see red square at the last trace). The subsurface
model is the same.
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The answer to the bottom-line question cannot therefore be found by following logic and
technical-scientific evidences, also considering that a professional/company is not paid to
"perform a MASW" but to determine Vs values (following the most appropriate method
according to the site and objectives — and there are really several possible methods [see
the manual of the HoliSurface® software application]).
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Appendix X: utility for the regularization of a response spectrum

The regularization of a response spectrum is a questionable operation since it modifies
the result of a simulation aimed at representing the real conditions (represented by the
actual Vs profile and the input quakes). Spectra regularization (carried out according to
the procedures indicated in the Seismic Site Response section of this manual) can be
applied to any response spectrum saved in a simple ASCII file like the one shown here:

—
The first column reports the period (T) in seconds and the second column the
Accelerations (in units of g). When you upload this kind of file in the “response
spectrum regularization” utility, the software will ask you how many header lines are
present in your file (in this case there are two) and then what damping value (%) to use (it
must be the same as the one used for the computation of the original response
spectrum). As usual, the image and ASCII file you will obtain are automatically saved in
the working folder (image and regularized curve in an ASCII file having the same format
as the one above considered).

. response_spectrum_2regularize.txt
. T T T T T

===griginal

regularized (damping: 5%)[1 FO0: 3.2328

0.7

0.6
Td: 1.6756

Tc: 0.34508

acceleration (g)

Th: 0.11503

www.winmasw.com

amax: 0.18547

0 0.5 1 15 2 25 3 35 4
period (s)
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Appendix Z: the HoliSurface® technique in winMASW® Academy?

manual in progress

Remember that surface waves can be recorded and analyzed according to very simple
procedures: https://youtu.be/hqjJvAxL6xQ

Introduction to the HoliSurface acquisition
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Appendix Zbis: managing files/results obtained via RayFract

Among the new utilities in winMASW® Academy you can also find the “manage RayFract
files” tool. You can use it to upload and visualize the GRD files obtained with RayFract (a
software for the refraction tomography that we distribute).

manual in progress
(here just few snapshots)

o
Jadé(a 0= hE
s RayFrac 68D e
s s W ot e I computaiupaats
= 6000
6000 . [
_. 5000
) 5000
E £ 4000 .
g o
u £ 3000
5 %3
% % 2000 . 4000
] % 1000.
= 1 =
C = 3000
2
3 b - 2000
g 300 .
200
- 1000
inline position (m)
depth/altitude (m)

www.winmasw.com

2D velocity section [zoom on] velocity profiles

5000 o

-

— 480 - B
£ E 3
3 {4000 3 g1 i
s £ Ef g
£ 480 = £, &
] g E i
& 13000 ¥ £ £
2 | 2 E
S 440 = H
2000 F

420 i

Z

1000

I L L L L o
0 50 100 150 200 280 300 350 400 450 2000 4000 BODO

inline (m) velocity (m/s)

www.winMASW.com - geophysical software & services



ing and s

1

i
)

Trbqbiéshoot

% f \Q




winMASWe 441

Any software can inevitably have some issues often due to the application of procedures
different from those designed by the programmers.

Before contacting us, please carefully read this section of the manual

Please, report any other problems to winmasw@winmasw.com always indicating:
1) the User ID (UID) and Serial Number (SN) of your USB dongle

2) your release (e.g., winMASW Academy 2021)

3) the operating system of your computer (e.g. Windows 10 — 64 bit)

Both the error and the situation in which the error occurs must be clearly described:

4) Always include the shapshot of the black (background) DOS window at the
time of the error

Some problems originate from the invasive influence of some Antivirus software

In those cases, before worrying try to disable your antivirus (or to add ELIOVSP to the
software that the antivirus should trust and ignore).

Consider installing the AVG anti-virus (free and more discreet/reliable than many others).

Some important notes

1. Many problems are related to the operating system (remember that winMASW® and
HoliSurface® and ELIOVSP only work on 64bit operating systems - we strongly
recommend windows-10 and advise against windows-7 [which badly manages certain
system privileges]).

2. Update often your operating system ("windows update")

3. Some anti-virus software (currently with AVAST, AVIRA, PANDA, Trend Micro
Internet Security and Eset Nod32 - which we strongly advise against) may not be able
to understand that the hardware protection system used for winMASW® and HoliSurface®
is not a virus. The installer should be able to instruct the antivirus to ignore the contents
of a certain installation folder. If you are not able to do so, we recommend a "smarter"
anti-virus (e.g. AVG)

4. Pay attention to keep your PC in order with frequent cleaning and optimization
operations possible with different software (for example Glary Utilities). A computer is a
highly complex machine that must be taken care of (a Desktop with dozens of files and
folders are usually the first evidence of dangerous deficiencies in this sense).
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In the following few possible problems that can be easily solved by the user

First possible problem

If, when launching the software, you get an error window with a message similar
to the one shown in the following window (the MATLAB Runtime version number
changes over the years), the problem lies in the incorrect software installation; in
particular, the Matlab libraries have not been (correctly) installed.
We recommend you to carefully read the "README.PDF" file available in the
software DVD/USB and carefully follow the simple instructions (and check that
the installation process is fully and properly carried out).

Error >

Could not find version 9.2 of the MATLAE Runtime.
Attempting to load mclmerrt@_2.d11

Please install the correct version of the MATLAE Runtime,
Contact your vendor if you do not have an installer for the
MATLAE Runtime,

Error "Undefined function or variable 'matlabrc'
(visible at program launch on the DOS window).

Solution:

1) activate (in your Operating System) the display of hidden folders and files (the
procedure can be easily found on the internet);

2) manually delete the "temporary" folder of the Matlab Runtime Compiler.

Go to the folder C:\Users
[username]\AppData\Local\Temp[username]\mcrCache[version] and erase it.

3) re-install the file MCRinstaller.exe in the "prewinMASW" folder of the
winMASW installation CD (i.e., simply run the executable MCRinstaller.exe).

At this point everything should be fixed and you can try to run your winMASW®.
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Error "Starting parallel pool (parpool) using the 'local’ profile ... Error
using parpool (line 103) Not enough input arguments.

or

Error "Cannot create output file” (or similar)

(visible at program launch on the DOS window).

no deeper processing
Intervals: 87
Error using name (line 102)
Cannot create output file 'C:\Users\umbig\Desktop\Nuova cartella\Coherences_and Spectra.png’.
Error in print (line 71)
in saveas (line 168)
in signalCHARACTER (line 220)
in computehv>done_Callback (line 2897)

ror in gui_mainfcn (line 95)

in computehv (line 17)

Error in matlab.graphics.internal.figfile.FigFile/read>@(hObject,eventdata)computehv(’done_Callback®,hObject,eventdata,g
uidata(hObject))

Error using uiwait (line 81)
Error while evaluating UIControl Callback.

- search for the sub-folder "MathWorks" in the folder "users" (or "C:/users") and
delete it. Attention, it is not a "C:/user/MathWorks" folder, it is a folder inside one of
the "C:/user" folder, so search for "MathWorks".

- do the same for the mcrCache folder (always within the folder in C:/users). In
some cases / systems, depending on your software release, the folder may also be
called (for example) mcrCache9.2.

In some cases this folder is more easily identifiable with a search from C:/ (and not
from the sub-folder C:/users). For example, you will find the folder "C:\Users\John\
AppData\Local\Temp\John\mcrCache9.2", which must be deleted.

At this point everything should be fixed and you can try to launch ELIOVSP
(HoliSurface® or winMASW®).

- if this does not work, re-install the MCRinstaller.exe file in the "preELIOVSP"
folder on the ELIOVSP installation DVD (i.e., simply run the MCRinstaller.exe
executable).

www.winMASW.com - geophysical software & services
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REMOTE SESSIONS

In case it is necessary a solution from ELIOSOFT, we can arrange a remote session
via AnyDesk.

In that case:

1) download and install the Anydesk software (https://anydesk.com) and provide
us with your ID (identification number of your PC)

2) send to winmasw@winmasw.com an appointment request for a remote session
[it is important to be on time and carefully follow the provided instructions].

What is AnyDesk? You can have a look for instance here:
https://www.youtube.com/watch?v=g3W1nBbtgEE

MESSY DESKTOPS — NO ASSISTANCE

In case your Desktop looks like the one in the following snapshot, we cannot provide any
assistance. A computer is a sophisticated tool that requires care and awareness. We are
all professionals and the hardware and software tools we use for our daily work need to

be properly managed and maintained.
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Multi-component MASW (phase velocities) and MFA and HoliSurface (group
velocities) [Rayleigh & Love], ReMi, ESAC/SPAC, MAAM and HVSR data

If you send us your data for MASW/ReMi/ESAC/SPAC/MAAM/HoliSurface and HVSR
analyses, please remember to provide us the necessary information about the data
(geophone distance dx, minimum offset mo, etc).

The best way to do that is to use the file naming described in the Elsevier book
(see paragraph 2.2)

If you recorded your data for passive analyses (ESAC/SPAC/ReMi/HVSR/MAAM), please
indicate the orientation of the array with respect to main noise sources such as streets,
industrial facilities etc.

It is also necessary to provide us with some information about the stratigraphy.
Please, also provide us with a photo with the GPS coordinates of the site.

If you use your smartphone and the App MapCam or GPS Map Camera], the GPS
information (Latitude, Longitude, Altitude) is automatically reported in the output report.

Action cameras Drones

WWWwW.wWIiNnmasw.cCam

Please, keep in mind that:

if you want to have a reliable Vs profile we strongly recommend you the
acquisition and analysis of three observables:

Rayleigh waves + Love waves + HVSR

Therefore, we usually expect 4 seismic files (let’s imagine dx is 4 m and mo is 8 m):
- RVF_dx4_mo8 (for the radial component of Rayleigh waves)

- THF_dx4_mo8 (for the transversal component,. i.e. Love waves)

- HVSR_central [3C passive data in the middle of the array]

- HVSR_EndArray [passive data in another point along the array, e.g. at the end of it]

www.winMASW.com - geophysical software & services
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To keep it simple: it is often impossible to obtain the correct Vs profile through the
analysis of the data recorded using (just) vertical geophones and the interpretation of
the modal dispersion curve(s) (this is the standard approach that, unfortunately, some
fellows still consider the MASW technique).

ADAM-2D

Apparent Dispersion Analysis of Multi-component Data - 2D

Acquisition and processing of multi-component data for the characterization of vast (2D) areas
[see the “The ADAM-2D data processing service we offer” section of this manual]

Thanks to the opportunities which originated from the synergies with some European
partner companies and our procedures based on multi-component FVS (Full Velocity
Spectrum - Dal Moro et al., 2014) approach, we are now capable of acquiring and/or
processing (multi-component) data aimed at characterizing large areas (2D and 3D) from
the geotechnical point of view.

3-C5F-ZVF-dx2-mo3-26 3-C5F-ZVF-dx2-mo3-27
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Observed and processed velocity spectra analyzed according to the procedure
described for instance in Dal Moro et al, 2014 and Dal Moro et al., 2018).

Acquisition and Analysis of Multi-Component Surface
Wave Data for the Geotechnical Exploration of Vast Areas

ADAM '2 D www.winmasw.com
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H S H OI is u rface effective and holistic

analysis of surface waves
s www.holisurface.com and vibration data

1..... HVSR

Horizontal-to-Vertical Spectral Ratio

2 ..... HS/MFA

HoliSurface (improved MFA)
(multi-component active seismics by using a single 3C geophone)

3 ..... MAAM

Miniature Array Analysis of Microtremors
(micro-array passive seismics)

4 ..... Vibrational Analyses

Vibrations UNI9160 & DIN4150
Building resonances (flexural and torsional modes)

5 ..... SSR (Standard Spectral Ratio)

Empirical Determination of the Site Amplification

Tons of utilities to efficiently manage the data and present
GPS data, trace selection editing & filtering, vertical stacl

m (handling

efficient seismic exploration and vibration data analysis
by means of active and passive data acquired by using
just one 3C geophone and 3 or 4 vertical geophones

The background photo shows a model of the Mars Rover Curiosity (courtesy of Mattel), the
vehicle used for the exploration of the Red Planet. The same way as the Rover efficiently
explores very remote and extreme environments, the active and passive methodologies
implemented in HoliSurface require very light and easy-to-carry equipment and limited
space, but can nevertheless providing very robust subsurface models.




<

Two versions of the 3-component geophone we provide: one with a
Cannon (NK27) connector (on the left), the other with three connectors
(on the right).
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MASW and refraction/reflection geophones: commercial legends

Sometimes they propose you two sets of (vertical) geophones: the 4.5 Hz set for the
so-called MASW and the 10 or 14 Hz for the refraction/reflection data.

Of course, if you know the fundamentals of seismics, you should understand by
yourself that this is totally meaningless (so a huge waste of money) and that you
actually just need the 4.5 Hz geophones.

Why?
For at least two very obvious reasons:

1. 4.5 Hz geophones "include everything" above a certain frequency (say above
more or less 2 Hz - below that frequency the amplitude is normally too low).
Low frequencies are necessary for analyzing the surface wave propagation
(MASW/ReMi/ESAC/SPAC etc.)... but they say that for refraction studies you need to
"focus" only on the high frequencies (say between 10 and 200 Hz - above that
frequency the information is completely irrelevant for us).

Well, if you acquire a dataset with your 4.5 Hz geophones, you can very easily
remove the low frequencies with a simple high-pass filter. This way you can use the
same data both for MASW (using the low frequencies) and, by removing the low
frequencies with a simple click of the filter tool in winMASW®, for refraction/reflection
studies.

2. But is it really necessary removing the low frequencies for analyzing the
refracted events?!

Actually if you just focus on the very basic principles of refraction studies, you will
easily understand that this is not even necessary.
Just consider the vertical component (so the Rayleigh waves and the P-wave
refraction): Rayleigh waves are much slower than the refracted P waves (not by
chance what you pick in a refraction study are the so called first arrivals).
This means that Rayleigh waves arrive much later with respect to the first arrivals
related to the P-wave refraction.

So, if you carefully analyze a dataset acquired using 4.5 Hz geophones you will see
first the P-wave refraction and then (much later) the arrival of the Rayleigh waves.
So there's no so-to-speak "interference" or problems in having (in the same dataset)
both refractions and Rayleigh waves (things are actually different if you want to
analyze the reflections, but in that case a simple high-pass filter will be enough).

So, save your money to buy a set of horizontal 4.5 Hz geophones for acquiring Love
waves and the radial component of Rayleigh waves (and of course for SH-wave
refraction/reflection studies)!

And always ask the polarity of the geophones (some techniques require to know it)!

winMASW® Academy has a tool for uploading and filter a series of datasets at once.
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winMASW®

ELIOVSP®

our software for DownHole (DH) seismics

Joint analysis of P- and SH-wave travel times also jointly with the HVSR
(Horizontal-to-Vertical Spectral Ratio), so to increase the investigated depth
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To get a copy of the ELIOVSP manual, send an email to winmasw@winmasw.com

You will discover a new (simple but comprehensive) way to handle DH seismics.
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DOUBLE BOREHOLE 3C GEOPHONE

www.winmasw.com

source

geophone distance
(usually 1 m)
depth
(referred to the first geophone) ¥ A 4
[first three traces]

ELIOVSP software = ? - f‘

joint analysas of DH selsmlcs & HVSR. 7 : FLIOSO FT
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