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Seasonal variations in permafrost are getting more extreme.

This weakens infrastructure built on permafrost zones.
We're developing a low-cost system to

frequently monitor structural stability of the
ground under critical infrastructure.

source: Exploratorium
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HOW a typlical seismic survey WOrks
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Time for vibrations to reach sensors
throughout the array indicates wave
speeds in different areas.
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HOW a passive selismic survey works
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What is distributed acoustic sensing (DAS)?

DAS repurposes a standard fiber
optic cable probed by a laser as a
seismic sensor. Backscattered light Is
used to calculate strain rates along
the fiber.

Benefits: Downsides:
e Low cost per sensor * ower signal/noise ratio

 Low energy required o | ower sensitivity to

e Hexible waves at angles
e 10s of km covered o [Large amplitude noise
with single laser from phase control

ISSUES




Pilot: Richmond Field Station, Dec. ‘14

free vibration sources ambient noise
_|_
low-cost permanent sensors distributed acoustic sensing

low-cost frequent monitoring of
ground stabillity
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Raw data & cross-correlation processin
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read 1 min. traces from channels of interest :
I

remove spikes (window median) | |
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DAS channel offset (m)

o
D
o
(00)
o

h
I\ l'r'

|
14
i

|

|

|

'f

!
|
j

i |
fi
W |
fit

filtering noise
traces

for each trace:

|}
L
i

Al
|
M

!

(Spuooss) awi

scale traces to equalize 1-norms of channels
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cross-correlate (FFT, multiply, IFFT)
add 1 min. cross-correlation (scale by energy)

approximate
virtual source

reSponses

dispersion curves

slant stack to get dispersion curves

I



time lag (s)
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Clear response after 10 minutes

cross-correlation / virtual source response
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Typical workflow Is O(n2
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*Dou, S. and J. Ajo-Franklin, 2014, Geophysics, 79.



0r we can get dispersion images in O(n) serial
time with an embarrassingly parallel algorithm:

dispersion image for virtual source s, velocity v,
frequency omega

Fe | Y s (%t + (1/vg, 1/vy) - (% — X))

n
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factor common to all
dispersion images



Scaling up: Fairbanks, AK, Aug. ‘15

free vibration sources ambient noise
_|_
low-cost permanent sensors distributed acoustic sensing

low-cost |arger-scale monitoring of
ground stabllity under infrastructure on permafrost



levation (m)
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Iteration =8 RMS = 1138% L2=164 Electrode Spacing =6 m

patchy permarfrost
wooded area
1 mi north of Fairbanks
highway 400 m east

passive recording
AZ SILIXA {DAS
1 m channel spacing gl e, yausiae e

censenes Culverts

Army Corps Property Lines




1-0.008
—0.010

correlations

2 |H4..|.I|...H.u.i....llu||__|lu.__\mln.....l...

15

stack of windowed cross

i el et R

time lag

Channel 745

Cross-correlations

..H......... P
e
T2 1..|._m___...1
| N i
= . =y |L._| - .rl..|l g Ty ||....”._IJ.. [l i, - =3
L L.h.._..”..ul..u.__..-u..lﬂﬁ. .-H..Mnu.l....-. o i L o .r......... T -._m_....-.ll. b 1.... e, S
o T S e s e e o et Y S e i S e
e e T s e e N S

1.5

:;‘ir

1.0

: '.i'!-"i By a 4

0.5

0.0
time lag

Channel 844

stack of windowed cross-correlations
-1.0

I...._.“..I.‘.-.f_u-.-“lur.-_.lu.s._.r.?.r-r_-_.l’....-t.ll.ul.r.# . ...l.l.l..-..“ LN - ..“.. O

'y e |- - el - i
o Bl e e Y e e L P o i W B P o - AT !

< < < < < <
m m m m
~ o

—

e o))

|]auueyd



esnoH pield [
SuaAInO IEEEEEEN /

youaliy

saulT Auadoud sdion Ay

T TRRIRR T ||| 1

|I| ur

535 PRI T _-5:_.-|:.-H ] EPL TR IR ) YR |..--|_- WAL .:-..||-.._-..---|-| T A |||.|
| I 1y i |I |l | A l.'l,-|||| |l (A AL I;L||h1 |. |||:f ||||I i 1LYy 'J'l ulrl' | Illllldlll ||. ||

LTSI LG L uwm I «ﬁ--.lmblm il mum.l-nw-mn 0 bl I'l_n.ru I, immm |. il mimhuu 1l I|,nit$n nulmulu
|1r|| ||n|1|l||'|1 i il qﬂ“ql!_l S t||||E||;|||n| {10t |: | ]II ||||||| '||LT|1| I ;!|_|!_|!-*| |I r'J |! || M}ﬂ : {
N rg'hl.l 1}.’q i 'I"IF

TG 1k o '!m--ll S O A 1 e
qufﬁ i
|||

ny

.--.|"|.“'".] i "”*.'s""'"'".f q 1”... Jf..lghlli_rll.l.i.lr.:.l:i'iiiﬁ.'l-ﬂigf&l'i.li r....1.|..|.||.|. i i .H...qq o HY nl.lis,.|.1+|u ]lujl..| ml.g gl.nuu J.W ||.

Ul AU nprs iyt 1-".'-' ‘i,

I II;.I q i I‘I|||'| Ik ] : |_' -'I:I' i

! t'llil,l'llﬂrl“i]”!lll. MHII ||'||:| 'l}":"l‘:l' M”h“”l

'|'n1|mT||ﬂ| R ﬂ' iy 1|-.--pr "“1"'1'"! il
f .Iru. I_Illllli e fi I|J'|L'|I|

i e L

'.||' N |"|u||1r|r||||_'r||

R :':"!III. TFI' I r||| |1" ..||r1| || .|||__.-|I| Ir-l -r||u|_:: III“IJIHHI};

F sn A i 0 i R ok
|||I |I ||1I H‘|I'I-|

vy llll |r" |II‘I|'I|"II'IE|H|” IIFIIH'I : |r| IIE-"II|II}'II LAY TR [l N l'll i il I[I IHI! T E Tk b o I Ik &F| I"I*I

R IIr.lJ T r'IlIIIIIIIIIIIIIIII LA NI IJ|I|iJI|II |J1||‘ II||4 |J| Ll |II|II I|IIJI|||I"' iy |I O T [
685”” kR L R S Hﬁ-

1
o i bR (R TR LT I.l‘ Ikl b Al g ||||| Joank § k& L:iﬂ I | ol A& i Ili W Uik el |.| Dl b im | oy il I|| f '"4- |I q W pii ) |||.J G Y || 4o, "| 'r " T B -F!"ll' -||
LR II:I"IIIIJ||1.1;|I ||h|||||||1|!||1||l|h |||I|iIlHIl1'IrII|# 1 'U LA |I| -r||| I |||I|=III|11|*||H '|||I||| I!'1. i} il I 1.||,I| hlll [ “|!|||| R R 1 (] It 1t r.d i'|||1[||}
R Y ! : L8 & lll'-' { IJI i '_1_‘E. SR 1'|I JLEELER f‘i |||| Hae i | ik T,
TRy 1""I'I LILI 1|l1 i'“I-JII'd- . -ﬂ|'l }|F“\‘I'-’I-[-n‘ ([ H 'I-H'--ull-‘ ||1l| J'HHHil- b GE'e ..hl, il | i B i i |.'H g, LT el g 1. R e L (A
A & RiAT r1|-11”n'”|111r|1m |‘.u.r1-1f“i:r||ri-*r.nm. -||. "HH i r.1‘~~r‘1 iu'w i qi.‘n&*‘-“' !IJ: ;«,'i"* Hrot ' ,1 "‘1" 1y "r'*il“#‘.-"i“*"c" *'-H'I-.-hh 'i“\“" i r-;%'ﬂ‘-“*'" **I“‘ HH*_--.'-.‘::-t‘.‘
| M e 1 |

L H; |" Wi .1] ull'lﬂ'lll' I 4'1|| It |+~| |I|'- 1'|'--IF'11 _w" -ln |t¢|' Il fl}
N 1.||"|H|l|,il' "Hli| hiqu"dl;rlululﬂml” -¢|I| il |-|'|I-H|t- IR PV Y -{n.-lugqxlp LI

1. ol el AR 1;.. il

"'I' R EIRTE 1T 'uq -rwuliluqll:lq” |--|
-H-"""'"|'"I y ""'|,.| _|.Il| 3Er e |~‘|' t"'| [|I" T

A R 8 0

|1|'|||“|'|'i|1'”' |||r| H‘J J| li"'l “'||| |E:J||II| ||i‘|'|'||[”1 I|1"J_ l i || ||}||'| "lllr'1| || “ lﬁ

i '.|
|t

..JE Ot ool ...rn'rr".rMHﬁ'-"wﬂ“w 'nt ﬁfﬂ*ﬂi'ﬁ

] LY
I: 1 O L) h [N} I i i N |
83 5_“!5 Ilﬁl}*l:l{:h';flnﬁbgr:"i- llrfl:lrfw;l Jil:“lh i -| b th (h if?iilmlulullg s |L Mh nii | i Ihgll;ﬂwl_lug-'rj} inwul'inpfg ﬂmh!thuln;mhyl'u ||1L!1u|-|.|’w I '."'l .'1!: I pg il r!ém .r‘gji'd
¥ |.-||Ju|| 1 ||n| : '_I b ]__I ial i I}‘ !iliijll"jy ii |I | L!Ilpll 1 i |_.;_.ﬁ j tl.ll 5-||-! :'_-!I|_||E||l||| J_|!_|__I I 1 bl itttk '.ir||l lIJ i |||[| il
o '-1|u|||ln' nllli. w1 -Fir RN /1 "1:- ! 5 ‘u”‘ |‘ll |'I+.I- ."1 'h- it |r | -:--Illi'| it” S REm in it tind o !||. |::. |'|||'Ir ||I| rr
B A ; i -
4 W J,fl:lf.‘ﬂ.-,ri- : ,.1|’II1 LGB TR Ly MR :||I il 'I.:.I' 'u ".' ik 1III IJ| fli’ r| rrnl'n
i .‘,Il"fi er“l!l”hl JF'”MT‘ PT‘!“:”'E:lI 'ill'y:t' |'1 'I"JII'H;"; |L|'|J| ||L;-1"-|||Jll :L';_l-”ll ‘lummulﬂ-' ] ’l::::j}n--:."ﬂ' ke I'l: Ell 'Fu-illtl_ i
X K rl" .‘1| ‘QIII !“'"I'H‘""IF'I""IMF‘ Bl llﬂ' LR RS | lHI-Hl!IF! 1} I-I" |H"-|F"|'BII-H! IIH"“IMHIH-I q II:HPIH!!!!'P IIrF_Iltl_!F‘I' HIF'i“- l'l‘:'h 1“IFFnl I:-!ll__l“_ _FI“.I:"F"“' |1_'|_ Tnll:fﬂn". :'ll!l-:F
_f.ll.l_'l!'l:bl I';-' -I :--.l -'!|.I --:. I:. | I.I : I.‘..‘ I ;..I ¥ ; I..:.‘II-I.. II”. .:I. | ll: i kK I :'|: ! '..I; | ,.. .. . H . -I "_ | "!rl ;I'Ii_ I.I|-I I|'I : .rl .-.“|.I- |“ I.I
$hi :hf.:!‘:.l#i'n"ﬁ?mll:ill-.:-r:dlllrihlm'r:ﬁ” . ”.'-;I:jlr!]hl;rl ;rlﬁr_nrﬂ!b:_'! T‘i "ﬂdﬁﬂlif il |If;""i .;'{.J“I.T ! ﬁﬂ.?nﬂl R .:".:'i. }.h.'?llﬁ.! .“I.' :I*‘:u:rlrlhi r_r_:ﬂ“:.w r.I1‘rrin+E1 i ."'i' i mﬁ‘l oy 15 ‘m
! .- e ;III [yt I:' 3 ' Ii [ A I|: .,i‘ il i . I II:Ill.__l_l ! (ol

pT T |IHI !" T 1 I:|.|'|I||'|I |l|n 1
AN L e -um-!,lw- i

VR ) |.'.‘J-*"I 0 e I|r|'11. i |i||1 AR TG AT T PEREE TR "Il. I*|1II"I }L 'Ilu-lllﬂﬂ |:r.||=h||||f|EH|
1 J|1 | L?'h W".'IF‘" |i||m|“||.r||'4|||u ww”n agqg|||r.||||_| 1§ 1.4 qlrluzuq |"'”|1|'! |;.||5 |.l|+'i iIIII LM q;IIE LEH |, III‘"I “'”il ‘I'
I"‘i .l.-.l..n- ni 'r||'lr' ..1 r.. r.Hm..l. ...r1 "'I'

Bl

e '.'ﬂ!r":ftﬂ,'* S ki o e e R s

*-ﬁlﬁ!h L ‘h"’H‘ W mH “M 4irlliuﬂlu“|dhlrilﬁlﬂ1 !|.|-Ml‘t F-u ||ﬁ||.ulﬂ'|uﬂ4i|l*i¢¢ i'lllir.i:.v qlﬂqliali i ||im||rqu|,|ii i i ....mu. .||§|| ||'m*| i e i-|1u|| q.m.. 1||||| lhuﬁ.lm. v lin. ﬁiﬂy'l rﬂ jh
b s (b L} ok A &) & s .:llq PR L shallima |.| 1.¢J.mi 4||h|i|||...-i ||' i |Il|ul.'.|l I i ..-.ui ki Llll" e

RS R R ..1I|.||l|-| .....1|.|.-.|. lu

channel (1 m per channel

. If”f LI § "' Al LR o lL \ !. I.]]'.r | ||| II] t i n L “i,l.i-::.! Ifl
2 if S i '-'5' i Ir_le'; j}'r:uj v rmjl";u'! =;"-'-:_ \ lu: dent r" *alqu— vl u -j ;
LT L g B R i 11!*"5 e LT TR et e L S i '“".’"'ff“;j"
.I |'|Ef‘-‘u"r EJ: i iull "Ji"illfll "I“]I'!“I‘L"iljli:lll 'I: !ir "1i!: |'ri-rill'~n:!-'.:' 'r" |I'. 1|! 1 ||,l| II "li:llllII :i. =| :: }II I-'IIIIIII{I. I' i;d!ll]cgjllrlﬁ Elur ll‘ill::;liill "| ;I !'Ililliil’liluil:i l?:i:l'
i ||| il ﬂ}‘luul .-J’-'i i i" ||I-]|+ 13ty i r' I '.'..|I"u:l""i' fih i T i ”ull |ill ~E _.1.Ii:'l.l . ". (s el ‘l"ll'." i E L I
’I‘ Wi '""l ) rl"|" A " AT T T *4“ IIL.II&L*L.:iI I.I.I.| k| I?Ihlmlﬂn .I“‘II ﬁ;lhw"rﬂ'ri'l." I"'--\Er-m'nﬁ"’ |ll'+lluh :|'|! vl 1|~ -:1'-|'|-'4'4|uv”-'i}}i” e """'I:I I Il ”-lml J‘I
5% b i I ! il Ll Rl b 4 L B R LT i i 4 skl
1 1 3 5 | |'Zﬁl1if||i[.. ||1|I||11ii 1'!”“*1"”” hiﬂ i W R R T Hﬁd ol e B e ﬁi-h i } S 1"1“
iJ' ||| A |:L|t ;I|| ||' [0 TR ST I |l R i 17 iII11L|i|5'.-|fl:'|f:lf'n.J ||'.'|-| i OB e T ].|1 ib-i'l,-- =|Fu'l'1 r if i] 'ik':uzﬂli'i.'

time (s)




Time records

100 |

)
o
™

(W) uone

200 |

00

-
o

00| JOSUaS

600 |

12 14 16

10

time (s)

17



Bumps were probably the cause of
artifacts In Cross—ccrrelatians
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Dispersion image
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Controlled thaw: Fairbanks, AK, now

Thermocouples Thermistors |VWC

== free vibration sources ambient noise
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Conclusions

Despite low signal-to-noise-ratio and directional sensitivity
issues, DAS Is a feasible option for further lowering the cost of
amblent seismic noise studies.

Such studies require huge amounts of data to be handled in a
streaming context, so we have developed new algorithms
sultable to these data.

We continue to develop methods for automatic detection and
removal of the effects of non-ideal noise sources.
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