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Need of site investigation

Problem

o Structural collapses that lead
to significant property
damage and even fatalities

Site investigation

o Typical invasive testing SPT,
CPT —tests < .1% of material

o Seismic methods can test
over large volume of
materials

o Soil/rock property and
stratigraphy, and embedded
voids/anomalies

Sinkhole collapses 3
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FWI Motivation | Obseneddata

» Conventional seismic methods 0.6 - -
analyse travel times of certain wave

types 0.5l 1

inversion of P-wave first arrival
travel time 0.4 I

* inversion of surface wave
dispersion

e migration
» use only phase, not magnitude

» FWI is wave-equation based and has 0-11 -
the potential to

time (S)

 use full information content O ko 20 3
(waveforms), both phase and P
magnitude

» consider all measured wave types
(P-, S-, Rayleigh waves)

« characterize both Vp and Vs at /
high resolution (meter pixel)

.~ Measured

synthetic

Vp, Vs
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FWI challenges at geotechnical scales

» Inconsistent wave excitation, unknown source
sighatures (inversion artifacts near source
locations)

» strong variability of near surface soil/rock, poor
priori information in the initial model (shallow
Inversion artifacts, local minimum)

» dominant Rayleigh waves, small body waves
with strong attenuation (large model updates at
shallow depths, poorly resolved deeper
structures)
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Overview of full waveform inversion

/VS Vp A Seismic /Measu_red )
(model m) l teStllnﬂ,g__%__ \évave field

2. =, =
- N\ Y,

Inverse problem/
Inversion method:
» Forward modeling d = f(m)\
« 3D elastic wave equations
— dest - f(mest)
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> Model updating to match d. - d s )

Global optimization: simulated annealing,
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genetic algorithm, ANN
* Deterministic optimization: Gradient, ,
Newton, Gauss-Newton methods st )
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"
Data Acquisition

] % 36 (m})
» 2D grids of sources & g —> |
g 2 oTe oTe ofe oVe oVe oTe ofe 19‘!!7/9 oTle oTe ofe of X-axis(m)
receiversat1to 3 m :é/ s e e
- 2 _JI . s ) Y F” i p : /EL‘ - &
SpaCIng I}VV VY /FVF /FVF /FVY [FVF /FVT VVVP:’I%V IVY /YT [TV /T
: 5 * £
» Propelled energy P lg
generator or Shaker (5- E
80 Hz signals)
> P-, S-, and Rayleigh , nessver

waves are all recorded /
and used for analysis

Rayleigh Wave

!

P-wave S-wave
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Data Analysis

_ Misfit function
» Start analysis at lowest

frequencies and move up Low [\ e COARSE

FREQUENCY| ™ SCALE
» Low frequencies (large
wavelengths) require less
detailed information of initial
model

\
» Adding high frequency data \\,\

e
/
,AMfN

v v
HIGH | FINE
FREQUENCY ! SCALE

Bunks et al. (1995)

gradually helps to resolve
detailed features and improve
resolution
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3D FWI

» Forward modeling
by 3D wave equations
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Perfectly Matched Later (PML) is used
at bottom and 4 vertical boundaries.

Nguyen D.T. and Tran K.T. (2018), “Site Characterization with 3-D Elastic Full Waveform
Tomography”, Geophysics, Vol. 83 (5), pp. R389-R400
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3D FWI
» Model updating by Adjoint Gradlent

Displacement residual: Au; ; (t) =j j(m,)dt — j d;;(1)drt

Misfit function: 0

E(m) = ~ Au‘Au, where Au = {Au;;,i =1,..,NS, j=1,..,NR)

l]’
Gradients for Lame’s parameters:
T

[(0u, Ou,)\ [0y, 0JY, ou, du,\ /0y, JYP, du, du,\ [0y, 0Y,\]
Ojdt(ax " 6y><6x * ay>+(6x + o) (Ge az>+<ay * az><ay "%z )]
[(O0u, OJu,)\ [0y, JY, du, du,\ 0y, 0JY, du, 0u,\ (0P, 0P, \]
<6y * ax)<ay * 6x>+<az o) (52t ax)+<az * ay><az "%z

T

o=, fdt Ly (P O 3w, 0, 0w, O,
0

dx dx dy dy 0z 0z

NS

=1

~

Nguyen D.T. and Tran K.T. (2018), “Site Characterization with 3-D Elastic Full Waveform
Tomography”, Geophysics, Vol. 83 (5), pp. R389—-R400
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3D FWI
» Model updating by Adjoint Gradient

Gradients for Vs, Vp: 6Vp = 2pVpdA

Conditioning gradients:
= tapering to suppress large gradient values near source and receiver
locations

» tapering to linearly increase the gradient scales with depth to better resolve
deeper structures

Regularization:  6"Vp =Ry, (LVp) + 6Vp

AN

AN
\ mummum of the parabohc fit /

VP n+1 — VP n ap 6 * VP (@, Lzl)\\\ = optimum step length
@, LZZ)‘L\_D—J/(Q' $L2y

VSn+1 —_ VSn -_— aSS*VS Step length ¥

S*VS —_ RVS (LVS) + SVS
Model update:

Normalized L2—Norm

11



" J
3D FWI
» Model updating by Gauss-Newton

= Velocity residual: Ad;; =F (m)-d,, Filter, focus,
’ 1 ’ ’ balance gradient
= Misfit function: E(m) = EAdt Ad V‘icmr
v |
= Model updating: m™=m"—a"[J'J+ALP'P+ 41"l ') Ad,
oF (m)
= Jacobian matrix: Jij=—=
| om,

Gauss-Newton inversion is done in frequency domain to reduce
RAM

u(Xx,w) = i exp( \/—_1wlAt)u(X, IAt) At

12



Derivative wave-field (Jacobian Matrix J)

> Explicit

two forward simulations with OF. .am) F. .(m+Am,)—F: .cm)
and without the model P =L L] ( p) L]

perturbation for each Lj  Omp Amp
unknown

Required number of forward

simulations = number of shots ~ __wn

x (number of unknowns +1) | l

Implicit \F R/ Voett0 m I
Virtual source (F) and \ _ / —
reciprocal wave-fields ! T
(R) o =t
Required number of
forward simulations =
(number of shots +

number of receivers) Jll?] =F xR, + Fy * Ry + F, xR,

5m

4—>
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Virtual source for Vs

Wave equations are differentiated with respect a parameter Vs, :

ov; 00
p@VSn aVSn

Virtual source

i _
paVSn /A

oVs
Vs Vit Vi

801] _ 8vl-’j N an’l’
PoVsn *\Vsy  9Vsy

N——
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Virtual source for Vp

Wave equations are differentiated with respect a parameter Vp,;:

ov; _ 9oy
Virtual source
OO ; ov ov: :
y . kk L] e
paVPn _iaVPn +2'L[5Vpn A

00';

. Ov. . By .
—U: l’-] .]’l . . .
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Comparison of derivative wave-field

2>< 10-14 Derivative wave-field for Vp
T T I I
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3D FWI: Synthetic test

s [mis] W [mis]
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Initial model used for both
Adjoint and GN inversion

» 2 inversion runs at 15 and 25 Hz central frequencies

» about 40 hours for both Adjoint gradient and Gauss-Newton
Inversions on a desktop computer (32 cores of 3.46 GHz
each and 256 GB of memory)



3D FWI: Synthetic test results
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3D FWI: plane comparison at void center
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Galinesville site

= dry retention pond Iin
Gainesville, FL

= testareaof 36 X9 m

= 96 receivers located
In 24 x 4 grid

= 52 shots located In
13 x4 grid

= 48 geophones twice

= PEG active source

y-axis [m]

o
A

A

0] 5 10 15 20 25 30 35
x-axis [m]

Stage 2
20



Galnesville site

» measured data
combined from
the two stages
for 96-channel
shot gather

» consistent wave
magnitudes and
propagation
pattern

. Sam

nle field data

Magnitude

Receiver Number

r r r £
15 20 25 30 35 40
Frequency [HZ] 21
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Gainesville site: z =
data analysis

700
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500

400

= 2 nversion runs
at 12 and 22 Hz
central |
. 5 10 15 20 25 30 35 40 45 50
fl’equenCIeS Frequency (Hz)

= Power spectrum

300

Rayleigh Wave Velocity (m/s)

200

100

= Medium divided
Into about 14,000 v I voimsl

cells of 0.75 m

400

~ -4350 F 1700

=  About 30 hours
for both Adjoint
gradient and
Gauss-Newton
methods
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20
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Gainesville site: data analysis
Fo sl sl el

Receiver number

Waveform comparison for 2 sample shots
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Gainesville site: 3D FWI results
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Laxe

ainesville site: 3D FWI results at planes

Gauss-Newton Adjoint Gradient
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i a) SPT-1 location,y=0m

Vs (m/s) Vs (m/s)

b) SPT-2 location,y =3 m
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Tran K.T, Mirzanejad M. McVay M. and Horhota D. (2018), “3D Time-Domain Gauss-Newton Full
Waveform Inversion for Near-Surface Site Characterization”, Geophysical Journal International, 2" review
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Newberry site

. . ﬁ ALACHUA
= Dry retention pond in STATE OF COUNTY
NEWbery, FL FLORIDA \ l\ie‘v‘vvberry GAIL\IESVILLE
= Mix sand and clay over — P e ="

lime stone bedrock 1

= Site was marked by 25
lines (AtoY)at3 m
spacing

= Data were collected by
NHERI @UTexas team
using 48 4.5 Hz vertical
geophones and Thumper

shaking source.
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Seismic Survey at Lines Oto S

» Testarea of 36 x 12 m ool
= 48 geophones located in 12 x 4 ]
grid :
= 65 shots located in 13 x 5 grid | e
= Thumper shaker source ',
f
[
|

& void Fovind i 2211 Via 1D
FWT acuwA SPT
+ 4mal) o pein chimney

X Bein P Lty g O-a'v;f-ma-vd'

e Scouyrecel (65)
o ReceiVaey (48)
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Newberry data
analysis

= Analyzed by Gauss-
Newton 3D FWI

Rayleigh Wave Velocity (m/s)

5 10 15 20 25 30
Frequency (Hz)

= 2 inversion runs at 10
and 25 Hz central = Power spectrum

frequencies Vs [mis]

computer (32 cores of 500
3.46 GHz each and
256 GB of memory)

400

z-axis [m]

300

200

0 700
= 60 hours on a desktop _ %00

100
0 5 10 15 20 25 30 35

x-axis [m]

= |nitial model 20
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Estimated data
Observed data
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Vertical partical velocity (vZ)

Vertical partical velocity (vz)
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Newberry: data analysis

Channel 3, Line OP, x= 7.5m, y= 1.5m
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Newberry: 3D FWI Results
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Newbery: 3D FWI Results at planes
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Newbery: Void at Line Q
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Conclusion

» Both Vs and Vp can be characterized at high
resolution (meter pixel) to 20 m in depth by 3-D FWI
methods

» Buried void can be identified to a depth of about 3
void diameters with surface measurement

» Gauss-Newton provides better results than Adjoint
gradient inversion, particularly for void imaging
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