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Introduction to acoustic waves

Part 1. Transmission measurements
— Basics of tomography

— Earthquake traveltime tomography

— Full waveform inversion (FWI)

Part 2: Reflection measurements

— Acoustic reflection experiments

— Applications in seismic, medical, material inspection
— Full waveform inversion (FWI)

Concluding remarks
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Sound waves

Sound waves are vibrations of the medium
(e.g. air, water)

It is caused by (de)compression of the
particles of the medium

Humans and animals use it for
communication; they can hear it by the
pressure changes in the medium that finally
make the eardrum (‘trommelvlies’) vibrate

-i! U D e I f t http://www.dangerousdecibels.org/virtualexhibit/4whatissound.html



http://www.dangerousdecibels.org/virtualexhibit/4whatissound.html

Speed of sound (1)

Sound travels with a certain speed through the medium.

In air it is 340 m/s, in water it is 1500 m/s.
For comparison: Speed of light is 300.000.000 m/s

Therefore, it takes time for a sound wave
to arrive after it was generated

Acoustic
waves are
longitudinal
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Speed of sound (2)

Example 1: Passive: calculate distance to lightning

t=0 defined by the light(ning)!

Example 2: Active: calculate depth of echoing well
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These are all 1D examples, with one unknown



Active acoustic method: Like a bat ....

Bats send out ultrasonic signals;
objects will reflect and the
response is detected by the bat

Frequencies from 10 kHz to 120 kHz
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The human ear
I Ultrasonic frequencies/ Ultrasound

Human Hearing s 20,000Hz

Frequency Range: 15Hz - 20,000Hz

— 17,835HZ

— 15,67 5Hz

— 13,515H2

— 11,355HZ

— O,195HZ

— 7 ,035HZ
——— 4,87 5HZ
—— 2, 715HZ

l Infrasonic frequencies / Infrasound

8
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Acoustical imaging/inversion applications

10 MHz
1 MHz
100 kHz
10 kHz
1 kHz

100 Hz

p 0.1 H
TUDelft

Laminated materials (e.g. airplanes) = 0.5 cm deep
Inspections of welds/constructions - 0.5-5 cm deep
Medical ultrasound -2 0.2-20 cm deep

Ship wreck detection, geotechnical applications -2 1-20 m deep

Near-surface inspection (a.o. wind farming) - 5-500 m deep

Oil/gas exploration, geothermal, CO, injection = 0.5-5 km deep

Tectonic imaging -2 2-25 km depth

Global seismology (earthquakes) -2 full earth
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Localizing the lightning...

With 3 measurements, we can
determine (X,y,z) of the lighting
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But also with inhomogeneous medium?
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Medium with temperature and/or wind gradient has varying
speed-of-sound: sound paths are not straight lines anymore

[in this lecture ‘speed-of-sound’ is often called (propagation) ‘velocity’]
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Back-tracing the sound to its source

150

100

Hoogte (m)
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-300 -200 -100

>

Horiz (X,y,Z)’) e

200

300

With a known medium, we can back-trace the
‘recorded’ sound arrival time to its source location
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Unknown medium parameters?
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-200
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With an unknown medium, we need to make the
medium (speed-of-sound profile) part of the
parameters to be estimated - many measurements
required, in a parametric inversion process
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Earthquake tomography

This iIs the situation in the earthquake

seismology problem: "

- Pick the arrival time of earthquake at
each station

- Divide the Earth in cells and assign one
speed-of-sound value to each cell

- Do forward modelling of arrival times
and compare to measured ones

- Adapt these cell values until all arrival

times fit (all 5t=0)

-2 Depth,km 0
| |

Picture from: Lees, 2007, Journal of Volcanology and Geothermal Research

> {
dt=0bs — pred time 4
Surface Seismic Station
5t=0 .
T8=0 550
a0
/
T Earthquak: ‘ '% »
Seismic Wa\)es k | , |
T T 1
0 4 6 8
km
15
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Earthquake tomography

Klyuchevskoy

£ o

x‘ o

=

S

24

Result of inversion of seismic 3
events around the Klyuchevskoy
volcano (Russia) 150
The color represents the 8
estimated speed-of-sound in v
each cell s

a v

8 o
Black dots are earthquake X
locations 8 4

150
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-waves and S-waves In elastic medium

P-wave:
Pressure wave
Primary wave

Source mechanism
determines type of
generated waves;

P-wave speed is larger
than S-wave speed Shear wave

Secondary wave 17



Seismic waves in the Earth S interior
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o Hawaii
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If speed of sound profile known, TR
earthquake location can be estimated: '; ]
Hypocenter — true location PR (e
Epicenter — projected location at surface

-

S

Picture: Gilan & Price, 2007, Contemporary Physics 48(2) 63-80
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Seismic waves in the Earth’s interior

T T T T T T T T T | T T T T T T L p—

Station AAM (USGS) |

S Ann Arbor, Ml
(193 km)

S-golven

Vertical ground velocioty (um/seconds)

1 1 1 1 1 1 1 1
40 60 80 100 120
Time since earthquake (seconds)

Very complex wave paths of the various arrivals around
the globe for large earthquakes: travel time picking and
Inversion Is very complex and ambiguous process
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Towards Full Waveform Inversion

i

Complex arrivals,

Identification of
events is difficult

Recording earthquake response along ~16 km cable
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Towards Full Waveform Inversion

Starting

Atlantic
Ocean

B Crust

subsurface model;
modelled data

Diagram from www.pgs.com

Synthetic

Data

Iterative
Process

Lapse Time [s]

120

&

Y
o

50 100 150 200 250 300 350

Compare measured
and modelled data
-> residual to drive
model update

Epicentral Distance [km]
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Full Waveform Inversion result

300 km depth

Picture: van Herwaarden et al., 2020, Geoph. Journal International
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Full Waveform Inversion result

100 km depth

Picture: van Herwaarden et al., 2020, Geoph. Journal International
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Looking with sound waves ...

receivers

~—

25



Why acoustical imaging?

* Acoustic waves are relatively easy to generate and can
penetrate in materials where electro-magnetic waves
(1.e. light) don't.

* Propagation velocities are small enough (compared to the

wavelength) to measure subsequent reflection arrivals
separated In time.

* After digitization, 3D images can be calculated by
advanced algorithms in the computer.  Z™
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Recorded reflection signal 26
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Overview of acoustical imaging methods

Narrow beam (phased array) illumination
Image via time/distance conversion (just like radar)
or pre-focused arrays

— Works in homogeneous media
— Based on a beam/pre-focused source

Unfocused measurements, focusing in the computer
Image created based on scanning all possible reflection points

— Also works in inhomogeneous media
— Based on point sources and point receivers

27



Narrow beam scan

Using relatively high
frequencies: object will

FeRindy I &l elizaion: Imaging=time-to-distance conversion

%
TUDelft
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‘Echo sounding’ ~g B L

Sediment
echo sounder

Use diffractive nature of object at high
frequencies (just like laser scanning). |
Applications: imaging the water
bottom and shallow sediments >

or finding fish |

Penetration

Sea floor S 100 - 200 m

(‘ ,
TU D elft (source: www.wikipedia.org)
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http://upload.wikimedia.org/wikipedia/commons/c/c5/Fishfinder.jpg

British
Antarctic Survey

NATURAL ENVIRONMENT RESEARCH COUNCIL NOT TO SCALE
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Medical ultrasound transducer

Using an array for beamforming

https://en.wikipedia.org/wiki/Ultrasonic_transducer#/media/File:UltrasoundProbe2006a.jpg

31



modern

create real-time
Image

‘classic’

% Ultrasonic source and detectors,
TUDelft focused at 10-20 cm below surface

32



Also imaging ‘from inside out’

A catheter is inserted into coronary arteries and images the tissue of the arterial
wall. In this way (vulnerable) plaque caused by atherosclerosis may be detected.

The composition of the arterial wall is
derived from the amplitude and arrival
time of backscattered ultrasound.

Lumen Plaque Artery wall
Coronary artery

Ultrasonic signals are sent and received by
the same array of transducers.

Based on acoustic modeling the design of
the acoustic probe is optimized.

]
TUDelft 33
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Using non-linear acoustics: harmonics

Nonlinear wave propagation

— at source — at distance D1 — at distance D2 > D1
o harmonics
2 ive higher
?Q; g ?esolut?on
Nonlinear ultrasound is used, for instance, 2 g
to image the heart in real-time and 3D. g
space frequency

Array technology is used to focus and steer
the beam, while nonlinear acoustics is
employed to suppress the effect of grating
and side lobes for steered beams.

Movie of heart using nonlinear
ultrasound imaging

34
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Overview of acoustical imaging methods

Narrow beam (phased array) illumination
Image via time/distance conversion (just like radar)
or pre-focused arrays

— Works in homogeneous media
— Based on a beam/pre-focused source

Unfocused measurements, focusing in the computer
Image created based on scanning all possible reflection points

— Also works in inhomogeneous media
— Based on point sources and point receivers

35
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Unfocused measurements: seismic imaging

Source-receiver offset direct wave
Seismic wave source

Seismic receivers (geophones)

O

100 -FH1HH

200 -tHtrH1FH1E

300 -rH1FHA

Seismic
waves  (
velocity

400 -}

as &
time coo ‘s ;x__>
700 -} < X >
Eeetl
aoco -4t '-<<-- L1444 L L)AL v
1000 ! | t Vx2 + 472
Single reflector t= - .




Seismic imaging: Imaging the subsurface

The earth is very
inhomogeneous:

(P-wave) velocities vary
from 1500 m/s to 6000 m/s
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Simulating a seismic response
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diepte (m)

1000

2000

plaats (m)
‘IDIDD 2000 SDIDD 4DIDD

5000

*

golfveld op tijdstip 20 ms
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Seismic imaging process

diepte (m)

o]
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Obtain an image from a medium from acoustic reflection measurements

Transmit a sound wave into the medium Measure the response with many channels

afstand {m)
IDIEIIJ ZDIIJIJ SUllJU 4OPIJ 50{00

0.5

1.04

TUD(S)

15 X

204

e

Seismische response gemeten aan opperviak

254

PLAATS (m)
0 1000 2000 3000 4000 5000

o S e e

Reconstruct an image
of the medium using
wave theory

DIEPTE (M)
o
(o]
(o]

oponn - S
Vertlcal transect
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Seismic measurements at sea
Hydrophone cables

]
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Seismic measurements on land

seismic
source:
dynamite

Seismic source: vibrator-truck

\e

—

measurement with 3-component
geophone: Vx, Vy, Vz

o]
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41



Examples of seismic measurements

Distance to the source (m) Distance to the source (m)
0 9 590 10|00 15|00 20|00 " 590 10|00 1500 20|00 25|OO 3000

Repetitions?

\i\\

o]
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Multiple reflections

Primary reflection: one upward reflection in the subsurface

43
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Multiple reflections

Multiple reflection: at least one downward reflection

44



Removal of multiple reflections

Image of input  Image after multiple suppression Difference
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High-resolution Y
seismic for
wind farming

100m

v

water bottom reflection —— =

<

15t order multiple (‘ghost’) — &

27 order multiple (‘ghost’) —— & %
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Cross-fertilization: non-destructive material testing

source number
15 25 35

e et U ;.&u.h::\;;-ni‘.;‘::“:m P ) RN e A e
3 —— - —

R byl

time in (us)
S

15
20 - —~ =
16 32 48 64 16 32 48 64 16 32 48 64
receiver number

TOFD

Cross-fertilization: similar to seismic
measurements, but at different scale
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Cross-fertilization: non-destructive material testing

Cross-section weld Cross-section weld
using ultrasound using X-ray

-

s

~imperfections

~

Weld Quality Testing

]
TUDelft (image from applus.com)
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Background propagation velocity estimation

Traces

Source Receivers

Make unfocussed
measurements with
overlap

Back-pmpagaud
lrl lim

Imaging via back- G\K (X
propagation using wave

equation, including \\
influence velocity profile

Velocity profile unknown, need
be estimated -
iterative approach: update
profile until all measurements
are well focused (sharp image)

51
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3D image with interpreted
geologic layers

Image from: http://www.pdgm.com/



Seismic lines and its aspect ratio

Depth (km)
O © 0O N O 0 & WM™

- ek
.

Depth (km)
=0 00ONOOANMWN

- -
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Full Waveform Inversion

KObserved data\

Calculate misfit
and update model

(Speed of sound model\

/ Model!d data \ O
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Full Waveform Inversion result

Result of traditional seismic imaging workflow

Picture: Schlumberger

propagation
velocity
(m/s)

4500

1500

56



]
TUDelft

Full Waveform Inversion result

Result of FWI process, followed by imaging

Picture: Schlumberger

propagation
velocity
(m/s)

4500
-
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From imaging to inversion

medium properties

s @ Lateral p-nsmnn [m]
-300 -200 -100 100
0 Use all complex ’ g
scattering to obtain — 100 o1
high-resolution £ 150 005
8 200 1]
-0.05
0.1

Traditional Result of full
image waveform
Lateral pos:tion [m] | nve I‘SIO N

Lateral posnion [m]
-200 _-100 _
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Cross-fertilization to medical imaging

True brain model with
haemorrhage (Dutch ‘bloeding’)

Result of FWI from ultrasound data
with interpreted anomaly

ground-truth segmented

FWI-model segmented

Simulation study using full waveform inversion (FWI) to human brain imaging

]
TUDelft Image from Guasch et al, NPJ, 2022
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Outline

Introduction to acoustic waves

Part 1: Transmission measurements

— Basics of tomography
— Earthquake traveltime tomography
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Concluding remarks

» Acoustic imaging has a wide field with
applications across different scales:
from mm’s to km’'s

- Advanced inversion methodologies can create a
new step in resolution improvement

61
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