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Outline of presentation

® Need of research work
® Traditional seismic methods and FWI motivation

® 2-D Full waveform tomography
« Methodology
« Synthetic study (3-D effects)

» Applications on real data
® 3-D full waveform tomography

« Methodology
« Synthetic study
« Application on real data

® GUI software development
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Need for improved sinkhole detection

0 Potential for Collapse and
fatalities

Distress of existing Structures

New construction near existing
void?

Site investigation
0 |dentify Soil/rock stratigraphy

o Typical Invasive Testing SPT,
CPT — tests < .1% of material

N Need for NDT over large area
which can detect anomalies

Sinkhole collapses



"
Seismic site characterization

Goal of seismic
methods : [
» Determine P-wave and ST

S-wave velocities (Vp, D

Vs) of subsurface

materials Rayleigh Wave

////////////
//////////

» Other parameters :
m Shear Modulus: G = p V2 T

T
T
T
1
=

|
-

m Young Modulus:

E=p V& GBV-4 V) (1-1&)

m Poisson Ratio

v=0.5 (G2-2V2) | (V2-V2)

Pressure wave (P-wave) Shear wave (S-wave)
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Seismograph or Signal Analyser
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Traditional surface wave methods:

SASW, MASW

Shear wave velocity
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Traditional refraction tomography method

m Use multiple I
shots and e
receivers on the ~
ground surface ot Recorier o
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Traditional refraction tomography

m Good for imaging
profiles increasing
stiffness with
depth, or top of
bedrock

m Cannot apply on
reverse profiles

m No indication of
voids or soft
anomalies
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Full Waveform Inversion

> FWI is wave-equation
based and has the
potential to

use full information
content (waveforms)

consider all elastic
wave-phenomena

infer multi-
parameter images
with high
resolution

/ measured

synthetic

Vp, Vs

time (S)

Observed data

o

10 20 30
Receiver position (m)




2-D FWI. Methodology

» 2-D wave equations
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» Inversion by Gauss-

Newton

Sample 804
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PML
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Data Acquisition and Analysis

« Data Acquisition

> Multiple geophones at1to 3 cround Swfagﬁlif IR TR TR AR N IR TR N N ir_
m spacing

» Multiple sourcesat1to 3 m
spacing

» 10-20 Ib. sledgehammer or —

Propelled energy generator
(5-50 Hz signals)

deplh

¥ ¢ Geophones

4  Sources

u AnaIyS|S / measured
> Start analysis at lowest 7N
frequencies and move up

> Low frequencies (large estimated
wavelengths) require less l
detailed information of initial

model

11
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Synthetic Study

m Study the effects of off- line voids °
Surface \l, ::

|
X \J:/ D|Stance 1)
Wp [mis]

: Receiver Line

=

D|Stance {rn)

Depth (m)

Seismic Waves

Depth (m)
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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
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Line 3: One diameter from center of void
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US441 in Marion County, Florida

» Repaired sinkhole

Line 1 on shoulder, Line 2 on
top of sinkhole center

« Land-streamer of 120 ft. length
« 24 geophones at 5 ft. spacing
* Propelled energy generator

Operator
Controlled

Propelled

Energy
Source

Drop Weight
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US441 Results
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US441 Results

vs CPT Sounding
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» Search for Sinkholes

Newberry, FL

Newberry Road

dry retention pond in
Newberry, FL

top of limestone varies
from2mto 10 min
depth

25 lines (AtoY)at3 m
spacing

10 test lines of 36 m long
at 3 m apart (lines Kto T)
24 geophones, 25 shots
at 1.5 m spacing

20 to 30 minute analysis
each line

20
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Results of Line Q
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Results of Lines P and R
(3 m from Line Q void)
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Gainesville, FL

= dry retention pond in
Gainesville

= 4 testlines of 36 m
long at 3 m apart

= 24 geophones, 13
shots at 1.5 m spacing

= PEG source

23
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Gainesville: results
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Kanapaha, FL

= 10 test lines of o St at 1.5 pacin L5
36 Mmto42 m 1 5 % St St S5 S S8 So Si01L S1a o1s Sia e e S 518 510 S0 Sa1 Sa2 23 <t 528 LEGEND
long at 3 m baubebadababidladobbidtabubobdtaduatadad | & S
- o O75m 24 Receivers at 1.5 m spacing 1,5m v Recelver
apart ) o ]

Shot and Receiver locations for L1-EW through L5-EW
= 24 geophones,

27 tO 29 ShOtS 29 Shots at 1.5 m spacing —e=| | 1,5m
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Kanapaha: L1-EW through L5-EW
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L3-EW . .
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Kanapaha: L6-EW through L10-EW

C PT L10-EW

|L9-EW

P Depth (m)

SR A S T O N Distance (m)

P-wave velocity (m/s)
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3-D full waveform tomography

Use 2-D uniform grids of geophones and

shots on the ground surface

Invert measured data to extract 3-D
velocity structures

Completely address 3-D effects,
potentially produce more accurate and
higher resolution results than 2-D FWI

1-3m
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SFEERGR IS NN
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Ly L B s - - B o - -
JRESANESESSSENANERSENREY
LR B R B i S S
ﬁw’fﬁTﬂ TTTTFWTTTT T
R S A R’ S
""“""!“"""4‘—L'l'
Ll L LA Lo

fﬁfjﬁ*[? {TITL?iWITl TT‘T‘EUW
T N

¥ Rec
O Source

Propagation of 3-D waves:
plan view on surface (top) and

side view (bottom).
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» 3-D FWI methodology

= 3-D wave equations

PML
. 0oy
N _ %%t where i,j=12,3
|
ot 0x
00 oV
—J Koy if i= 0.
ot OXy X
£ 5-
oo oV. £ 10
— =y L+ i i#] 2
ot oX; OX 15.]
40
20 N
20
. 10 10
. InverS|0n by Cross- i Lseein 0 0 #-Location [m]

adjoin gradient method
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» 3-D FWI real data: (preliminary results)

= dry retention pond in
Gainesville

= 906 receivers (2 sets
of 48) located In

uniform grid 24 x 4

LINE2
NORTH
N

= 52 shots by PEG

|

J

| 3m
J

{ 3m SOUTH
|

i 3Im
|

1

|

36m

Receivers

Wavefield comparison
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» 3-D FWI real data: (preliminary results)
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Full Waveform Inversion (FWI) Software

= Technicians can collect and
analyze data in the field

=  FWI software GUI
» Input parameters |
» Import and condition data T REvE e
> Generate an initial model
» Invert imported data
> View results

« FWI software user manual

« Developed with C# (sharp), C++
and Matlab DLLs (dynamic link
libraries)

- Validated against original code

=  Runtime = 2.7 mins/iteration
(13 shots — 27 mins)
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Site and Test Parameters

GUI for parameter input
« Medium dimensions
= Initial material
properties
= Recelver spacing
« Recelver array length
= Shot locations

Shot (source)

i Receivers
)
{[JONS - 2 = NS
N V <>

LN . spacing

N

-4 Parameters

Medium Material
st U Nu: 0.33
¥-Finish: 38 Ve Max: 1500
nz: 24 Vs Min: 1
ac: 0.75 Vp Max: 3000
dz. D75 Vp Min: 1
Fad: 10 Densty: 1200

Start: 0.75 R_m: 3

Finish: 3525 R_nf: 6

Spacing: 1.5
Shots
Start: 0
Finish: 36
Spacing: 1.5

Cther
tmae: 0.8
 Generate | 0 O
dts:  0.0005
Thread: 32

Generate

Cancel J I Import
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Parameters input, open, and save

functions

-
FE Ful Waveform Inversion

m Settings  Data Condition  Inversion
| Mew » || Parameters
Open 4 Data
Save » Wave Velocity
Saveas  » Wave Forms

-

E Ful Waveform Inversicn » ‘
i e

Settings  Data Condition  Inversion

Mew

Open Parameters

Save Data
Save as Wave Velocity

Waveforms

~ Ful Waveform Inversicn

Data Condition  Inversion

Parameters

Data
Wave Velocity

Waveforms

[17 Ful Waveform Inversion

File Settings Data Condition Inversion

[{7] Open " —

.+ Libraries » Documents » Field Tests

« |43 [l search Fieid Tests

Organize +  Newfolder

43 Dropbox

| Recent Places
@ OneDrive - Unive
M Desktop

g Downloads

4 Libraries
|% Documents

&) Music

=] Pictures.

B videos

M Computer
&, osDisk (C)
9 Geosystems Rese

€8 Network

7 Favorites -

Documents library

Anange by Folder ¥

Field Tests
Nerme Date modified - : A
|85 Parameters.xsx 7/3/2015 3:14 PM N Micosoft Excel Worksheet ) 11k

File name: Parameters.dlsx

v | Excelfiles (s =

=)
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Remove receivers and shots

Reduce number of receivers

» Use data from every
other receiver
Remove bad shots

Shot (source)

.

'\‘ /
\\___./

Receivers

SRENLR

spacing

Receiver
Mumber 5z
1 - 0

[ Cancel || Delete |

Shots

Mumber Sz Sx
1 - 0 0
| Cancel || Delete |
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Change parameters

||~ Ful Waveform Irmrsinn‘

File | Settings | Data Conditior

W8] Ful Wavetom

File  Settings Data Condition  Inversion
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Import data

1 file/shot

Data from each receiver
Range is function of t ,
and time interval (dts)

Number of shots

Number Location

1 a| [075
2 3l o7 [
3 225
4 3.75
5 5.25
6 6.75
7 8.25
8 = 975 |2
9 =l 1128 |5
10 12.75
1 14.25
12 15.75
13 17.25
14 18.75
15 Ll [z02s |
16 21.75
17 23.25
138 24.75
19 26.25
20 T lzzas T

~
Data Range

A13: X1500
*For excel
!Im

Select Files

File  Settings | Data Condition | Inwversion
Import Data
View Imported Data

r ™
{7 Open S
m <« Documents » Work + Research » Seismic » Kanapaha » L1-EW - ||

Organize » MNew folder >~ [ @
| Favorites — Documents library i -
27 Dropbox L-EW
U -
El Recent Places Mame Date modified Type Size w
¥& OneDrive - Unive
B Desktop 2.csv 12/10/2014 2:32 PM Microsoft Excel Comma 5. 999 KB
1§ Downloads 12/10/2014 2:32 PM Microsoft Excel Comma S... 958 KB
T.csv 12/10/2014 2:32 PM Microsoft Excel Comma S... 1,000 KB
T . . L
G Libreries 12.csv 12/10/2014 2:32 PM Microsoft Excel Comma 5. 1,001 KB |
@ Documents = 17.csv 12/10/2014 2:31 PM Microsoft Excel Comma 5. 1,001 KB
J‘ Music 22.csv 12/10/2014 2:30 PM Microsoft Excel Comma S... 1,002 KB
=] Pictures 2T.csv 12/10/2014 2:30 PM Microsoft Excel Comma 5. 1,002 KB
i Videos 32.csv 12/10/2014 2:30 PM Microsoft Excel Comma S... 1,003 KB
3T.csv 12/10/2014 2:30 PM Microsoft Excel Comma S... 1,004 KB
18 Computer 42.csv 12/10/2014 2:29 PM Microsoft Excel Comma 5. 1,004 KB
E 05Disk (C:) 47.csv 12/10/2014 2:28 PM Microsoft Excel Comma S... 1,003 KB
G Geosystems Rese 52.csv 12/10/2014 2:28 PM Microsoft Excel Comma S... 1,002 KB
| 57.csv 12/10/2014 2:28 PM Microsoft Excel Comma S... 1,003 KB
q-, Metwark b2.csv 12/10/2014 2:28 PM Microsoft Excel Comma S... 1,002 KB
S AL AT e 1IANINT A 23R DAA Mirrncndt Cvral Crmma 1007 KR S
File name: - [mflis(’.m} ']
I Open Ivl [ Cancel ]
= ———— .
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Conditioning data

Scroll through shots
Remove receiver data
Reduce number of receivers
s o e Set central frequency (based
fhat IJEEiJ % Emv] C;aXWZBDDDAum Fiter: (== |5 ) .?Unmtered On Spectral anaIySIS)

uuuuuuu

.
Shot Data: — e Window: Spectral | L F I Ite r d ata

Mumber 1 - Fr— [ FipData | 05 05 = &
Recorded Data

- Frequency filtering
4

-4 Ful Waweform Inversion EI = @
i ttings ition wersion

700
t
2 1=
600 5
= | |
3
5] | |
500 3 \ I
B £ [ |
z B
£ o | |
Z 400 = \ I
E
= | |
| ]
300 T T

L) L)
Value 1 Value 2 Value 3 Value 4

ﬁfﬁ% 3 =  Time windowing

Time [Seconds]

000

0 0.1 0.2 0.3 0.4 0.5 0.6

= Maximum time
Time [Seconds]

2 4 [ 8 10 12 14 16 18 20 22 24

Receivers

Filtering Data time: 12ms

Magnitude

Magnitude

0—#\/\/\/;

1 ! 1
0 0.1 0.2 0.3 0.4
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Filtered data removing receivers

t Ful Waveform Inversion EI = @

File  Settings Data Condition Inversion

- Graph folle ==

= Interactive plot to select
receiver data and remove

Time

1 3 5 7 9 1 13 15 17 19 21 23

Receiver



Opening and savin

Mew

Data Condition  Inversion

Open

Parameters

Save

Save as

Data

Wave Velocity

Waveforms

Parameters

Data

Wave Velocity

Waveforms

g datasets

open :
GOv“g » Libraries » Documents » Field Tests + [ 49 ][ Scarch Field Tests 2]
Organize ¥ New folder )

<t Favorites ( Documents library
43 Dropbox Field Tests
‘%] Recent Places
/& OneDrive - Unive
B Deskiop
|§ Downloads

MName

DataSet.xlsx

& Libraries
Documents
" Music

Pictures

B Videos

%) Computer
&L, 05Disk (C:)
¥ Geosystems Rese
¥ gradapps (\ad.u

Amangeby:  Folder =

Date madified Type Size
12/4/2015 120 PM Microsoft..  1L928KE
7/9/2015 3:14 PM Microsoft .. 11k8

File name: DataSetuxlsx

v | Excel files (*xis) =

G-

[+ Libraries » Documents b Field Tests

[ 43| Search Fietd Tests 2]

Organize v Newfolder

U Favorites + Documents library
22 Dropbex Field Tests
“Z] Recent Places
% OneDrive - umvi
¥ Desktop
8 Downloads

oY

DataSetxlsx

7\

m

) Libraries
Documents
& Music
Pictures
B videos

% Computer
&, 08Disk (C:)
53 Geosystems Rese _

Arrange by:  Folder ~

Date modified Type " Size
127442015 1:28 PM Microsoft.. 11928 K&
7/9/2015 3:14 PM Microsoft . 11K8

File name: DataSetxlsx

Save os type: | Excelfiles (*ads)

() Hide Folders

(oo [Lomes ]
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Generate an

Initial

[ 2

o Full Waveform Inversicn

File

Settings  Data Conditien | Inversion

Initial Model

Inversion

Break

Generate

Spectral

L" Ful\Waveform Inversion

File  Settings

Data Condition  Inversion

Lﬂl Spectral &nalysis
Shot Graph Yanables
Lacation 9 - Wmax 800
Number 7 - Fhigh 5

Rayleigh Wave Velocity [mfs]
E00

0

G000

500

400

300

200

100

20 25
Frequency [Hz)

e Status: Al iterations fimshed!)

. =

Spectral Imaging Page

Full Wavefarm Inversion

‘ File  Settings Data Condition

Inversion

360 350 430
T T T

15

Vs [mfs]

20
Distance [m]

| InitialMedel » || Generate
Inversion Spectral
Break
-1 Ful Waveform Inversion E = @ b
File Settings Data Condition  Inversion
-4-< Initial Model : = :
Flot
@ Vs
Vo
520

Initial model of S-wave velocity
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Perform inversion, view and print results

[ Fun Waveformlnwe_

File  Settings Data Condition | Inversion
Initial Model

| Inversion

Break

Waveforms Shear wave velocity

g S
j‘
s 67‘5

EIREE)
Receiver Pasition (m)

{17 Full Waveform Inversion

Tteration: 5 Error: 05924




Opening and saving results

[ ¥ Libraries » Documents » Field Tests

v‘v‘,l‘lS.e.orrhﬁeldTesr.s ; £l

= Full Waveform Inversion O N Eoide
. . . | r Favorites . Documents library e
Settings  Data Condition  Inwversion %2 Dropbox Field Tests
| 'l Recent Places Name Date modified Type Size
Mew & OneDiive - Unive
B Deskiop @ DataSet.xdsx 12/4/2015 1:29 PM Microsoft ... 11,928 KB
D ‘u Downloads 'arametersadsx 7/9/2015 3:14 PM Microsoft ... 11KB
PE“ P arameters ‘ @5 Waveforms_0_0_12_15.xlsx 12/4/2015 3:04 PM Microsoft ... 1,672 KB
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