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Need of site investigation

m Problems and disputations
during and after construction

Structural damage/collapse

m Long-term affects on
structures

Goals of site investigation
o Soil/rock stratigraphy

i Embedded
Sinkholes/Anomalies

Sinkhole claims cost $1.4 billion

In Florida from 2006-2009

(FL Office of Insurance Regulation,
2010)
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Seismic technigques

1) Imaging: localisation of interfaces
(migration)

2) Material parameter (tomography)
P-wave velocity
S-wave velocity
Poisson’s ratio
Density
Attenuation
Anisotropy
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Full waveform inversion (FWI) motivation

Observed data

» Most conventional seismic inverse
methods analyse travel times of specific e} .
wave types only, e.g. o5 ]
» travel time tomography __oaf l
* inversion of surface wave dispersion £ .| l

e migration o=

> FWI is wave-equation based and has the o

(@] 10 20 30

potentlal to Receiver position (m)
e use full information content
(waveforms)

« consider all elastic wave-phenomena

 Infer multi-parameter images with \
high resolution synthetic

/ measured

Vp, Vs
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Overview of FWI

[Unknown ) Dynamic (Dynamic
engineering l testing response:
property: M Y .""'h."'. p—- |:> d

N N
’? N _,.f/
" \- /

Inversion method:
1. Forward modeling d = f(m) e
» 2-D elastic wave equations ‘
> dest = f(mest)

2. Model updatingtoget d., =d ... . . ..
> Gauss-Newton method T
» Converge whend,;—d ~0 i
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Data Acquisition and Analysis

m Data Acquisition Ground sm-facﬁiir A R E E EEEE R
> Multiple geophonesatlto3 m
spacing 3
> Multiple sources (strikes of
hammer) at 1 to 3 m spacing —
¥ : Geophonea
u AnalySIS + : Sources
Rayleigh Wave
> Use all measured waveforms
(Rayleigh, S and P waves) ] s
A |
i] T [ IITH

/ measured

estimated

Compression wave Shear wave
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Phase | results

S-Wawe
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Goals of Phase |l research

» Improve the FWI technique to allow for greater
accuracy and reduced computational time for in-
situ solution

» Investigate 3-D effect of off-line voids in 2-D
waveform analysis

» Develop FWI software to allow users interacting
through computer graphics
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Forward Modelling

m Required to reduce reflections of waves off the

boundary

m Free surface condition at top

poundary

m Perfectly Matched Layer at al

10

other boundaries



Perfectly Matched Layer (PML)

Adds grid points (padding) to the necessary boundaries
Padding gradually reduces the amplitude of the wave

So St

0 S | |
n — -1 n+1/2 — n.
X X x T Ay (ax ) Outgoing wave 0
ax —_ — a —I— lpx Attenuated
Kx
(dx + ax)A t Regular
b = e Kx domain
d PML
X
A, = (b — 1) p ! P~

Kx (d + Kx ax)
PML at boundary (Kallivokas, et al., 2013)
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Perfectly Matched Layer (PML)

No PML

PMIL ws Mo PRIL

Mo PMIL
Pl

AN A /\ i
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= Benefits of PML
> Reduce modeled domain

» Improve convergence rate and
accuracy of inversion

Wave Amplitude [m/fs]
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Other improvements

» Source sighature

estimation

> Grid reduction

Merging cells into bigger
iInversion blocks for low-
frequency analysis

> Parallelization of

13

computations

F(f,x,m)=G(f,x,m)-W(f),

Frequency domain source estimation
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Synthetic Study

m Study the effects of off- line voids

m Generate data using 3D forward
model

Surface \l,

14



3-D Forward Model

15

Similar to 2-D forward model
with added dimension along the
surface of the medium

First order elastic wave
equations converted into finite
difference equations

Free surface and PML boundary
conditions

(i.5.k)

Jmre
s<c

(i+1,j,k) 1 Tzz, Txx, Tyy

(ij+1.k)
®

3D Staggered Grid



Example of
3-D Wave
Propagation

16

PML
Time =0.15
— 0 "“ !
E 1) ,I
= 10
)
= 40

20
10 20
Yim OO ® [m]
Time =0.21
|
£’ '
£ 10
by
[ 40
00 0
¥m O O ¥ [m]
Time = 0.255
L]
"
=10
oy
s 40
10 20
Ym O 0O ® [m]
Time=073
E 0
£ 10
by
= 40
0 0
¥m O O ¥ [m]
Time = 0.405
E 0
= 10
Fry
S a0
10 20
¥m 00 # [m]

Depth [m] Depth [m] Depth [m] Depth [m]

Depth [m]

No PML
Time =0.15
I|¥ l
" '|
10
- 40
10 20
¥im 00 X [m]
Time =021
w
0
*
10
40
0 o0
¥m 00O K [m]
Time = 0.255
']
D
wm|
- 40
10 20
¥im 00O X [m]
Time =03
0
10
40
0 0 o0
¥im 00O K [m]
Tirne = 0.405

a

¥im U O X [m]

10

1.5

—0.5

—-0.5

-1.5
10
40

Werical Particle Welocity [mifs]



" JE
Model Implementation

m Dual layer model with a void of 5 x 5 x 3 m at center
m Receiver/shot arrays run along the x-axis
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Line 1: Centered over void
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Line 2: At the edge of the void

Ws
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Line 3: One diameter from center of void
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Graphical User Interface (GUI)

- Users can interact through | « e SEi==)
Computer graphICS Medium - M aterial Receiver Other
sesiat B Nuo 0.3 Statt 375 F_m 3 tmaw 0.8
- Allow technician to collect e e B e s _
" {1} -
and analyze data
A=) Parameters = || =] ES
u SOftwaI‘e GUI Medium b aterial Receiver Other
» Input parameters xsat ° S N
> Import and condition data e v [ || ol ] | | e o
> Generate an initial model
> Invertimported data w s W =
> View results I e o

Pararneters Imported Successfully!

= Current version runs on C# ) .
(sharp) and Matlab dlIl :

=  Run time for 25 shots = 70
mins

Cancel |[ Impart

=  85% complete with version

using C++ dll to reduce time 1



Import and condition data

i

4

File  Settings  Data Condition  Inwersion

i File  Settings  Data Condition

Inversion
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Current version running on Matlab dll
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Conditioned data

-4 Ful Waveform Inversion =] @ = -+ Ful Waveform Inversion EI E IE
File  Settings Data Condition  Inversion File Settings Data Condition  Inversion

| Graph | Graph =l = ==
Shot Receiver Data Plat Shot Receiver Data
Shot Receiver - fe: 12 [0 Auto Fitter: @ Urfitered Shat - Receiver - fe. 12 [0 Auto Filter 2
Location 36 - tmax: 800 0oz Location 36 - tmax: 800 5 5 172 @ Fitered
—_— Shot Data: - Window: & Soectral - Window: & Soectral
Nmoer B~ 05 05 2 & Number 25 05 05 L3
Recorded Data Filtered Data
800+ 200 -
700+ 700 -
600 600
500+ 500 -
T Z
T 400 T 400
£ E
= =
300 300
200 200+
100+ — 100
000 2 4 & & 10 12 1" 16 18 = 2 000 W i6 8 20 =2 o
Receivers Receivers
Status: Unfiltered Data Filtering Data time: 13ms Status: Successfully Filtered Data Filtering Data time: 12ms

Unfiltered data Filtered data
Recelvers removed

23



Generate an Initial model

4| Ful Waveform Inversion E &= @ | Ful Waveform Inversion E = @ L
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-4-4 Ful Waveform Inversion

File

Settings  Data Condition

Analysis and results Kanapaha

411 Ful Waveform Inversion i i E

File  Settings Data Condition Inversion

Inversion

lterstions: S
Stop 10 Sz

20

Distance [tn]

All iterations finished!

Iteration: 10 Error 0848232970750405 .:

teration lterations Sx-

Distatice [m]

| Status: All iterations finished! Tteration: 10 Error: 0.848232970750405 .:

Inversion Results

25



Conclusion

A fast and nearly automatic algorithm of the full waveform inversion
(FWI) has been developed for a field solution.

Convolutional perfectly matched layers, parallelizing computations,
temporal windowing, and grid reduction have been implemented to
reduce required computer time. Visualized data conditioning,
automated initial model, and automated analysis have also been
Implemented to reduce manual efforts during the analysis.

The improved FWI algorithm can produce the field solution to obtain
general information of the medium being tested within 30 minutes.
More detailed information can be achieved by further analysis at
higher frequencies after field testing.

Synthetic study indicated that off line voids have minimal effect on
results

GUI software will free users from learning complex command
languages, and allow them interacting through computer graphics.
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Thank Youl!

P77
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