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Abstract

To access and predict the movement of the plume and agent in the deep aquifers,
understanding the detailed hydrogeological parameters fields is essential. However,
using the traditional pumping test and slug test to develop these three-dimensional
parameter fields is impossible due to their unrealistic assumptions. Accordingly,
developing new technology to identifying the three-dimensional hydrogeological
parameter fields is urgent, and we will develop a new method based on the project results
“Development of a novel technology to identify the heterogeneous hydrogeological and
geothermal parameters by using multi-depths fiber Bragg grating sensors” funded by
Taiwanese EPA. The newly developed technology consists of three parts: (1)
Improvement of the fiber Bragg grating sensing (FBG) system: including the adjustment
of the rubber packer, piezometer, and thermometer to adapt to the high groundwater
pressure. Electronic water quality sensors will also be installed into the FBG system to
directly observe the movement of remediation agent. To conduct hydraulic tomography
(HT) using groundwater monitoring wells in the early stage of remediation, several
injection tubes will be installed in the new FBG system. (2) Singular value
decomposition: This method will be used to reduce HT’s computational loading for the
field case study. (3) Distributed temperature sensor (DTS): In the second year, we will
use DTS to measure the temperature in the wells with high spatial resolution, and the
measurements will be used to improve the estimate of hydrogeological parameters from
HT using head data. Currently, the developed FBG system has multiple functions,
including the measurements of pressure, temperature, electrical conductivity, and liquid
injection. We have examined this FBG system in the study site. This system was
installed in a monitoring well to measure the groundwater pressure, temperature,
electrical conductivity at the depth of 14m, 24m, and 34m. The water injection function
was also tested at the depth of 34 m. The change in pressure, temperature, and electrical
conductivity is significant during the stress period. This results show the FBG system is
practical. For the improvement of HT, we have complete two numerical experiments,
and the results indicate that the newly proposed method is more stable and convergent
than the original algorithm and has an 18.4% decrease in the computation loading, and
about 5 times decrease in the inversion iteration. Accordingly, the performance is much
improved. In the next year, we will use the field data to examine the new method after
HT is conducted in the study site.
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R RREE(F L TR S FRD

35 .
01 2 3 456 7 8 9 101112

Distance (m)

S5 41 3 7 11 15 19 23 27 31 35
Percent Difference of Conductivity (%)

W 4% -rspi@iizs(s YEW-5 4 YEW-4 53 FpF R & 47
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%2 3 %-MEAIWL-6 1R L ER

IS e Ve
g - mg/L mg/L
§ 41 (5 = ) 0.020 0.020

* 5 FRM) | F - FEEIRA W | % - FFEEAE
K00267-1 175 8.328 0.038
K00267-2 19.5 8.631 0.033
K00267-3 21.5 9.841 0.034
K00267-4 23.5 9.267 0.039
K00267-5 25.5 14.341 0.040
K00267-6 27.5 15.839 0.040
K00267-7 29.5 15.391 0.041
K00267-8 31.5 14.257 0.027
K00276-1 175 0.524 0.358
K00276-2 195 0.896 0.365
K00276-3 21.5 0.978 0.416
K00276-4 23.5 3.494 0.467
K00276-5 25.5 2.368 0.490
K00276-6 27.5 5.658 0.567
K00276-7 29.5 6.891 0.717
K00276-8 31.5 7.769 5.687




Ay EeiEse(r 1 TR Y R

4.3 kg kp R

ITE K 5 5 kR RIH F2 77 (Dong et al., 2005; Kashyap, 1999;
Kojima et al., 2003; Liu et al., 2000; Drusova et. al., 2019; Xu et al., 1993; Zhao et
al., 2004) - k4R pAR T @ AT };;. RIF TN gl o 35 (1) — k4
B 4L G 250um =4 s QAR —skghz 4 8 A F o (silica) i 24
FUEHEAR Ta R ARl BT (3);%,:3&;%%& £ (#Lto2)pEa
@ﬁﬁn%iﬁﬂlﬁﬁf“'m?uﬂk—%%iﬁéﬁgﬁﬁﬁgmoé
ERBIEa e BARE TR AT R FET LEBA SRR BRI
PRSI B BP AP ZER o L ER - 2R eE LR ke s 0 F R
%?Uﬁ%ﬁ@ﬁﬁ%ﬁ

Rk B B B BERAT M A CRRR R ST AL e

* AR - AFNEE L AP BN o phfE2 Lk gk 4 (Fiber Bragg Grating, FBG) ©
B RAEk4m LR gt - kR R X_#  # 0% 2 (Bragg condition) 4% z_
‘ﬁ\rgéiﬁﬁf},ﬁéﬁ-/p‘\{*l&gqﬂjgl ”17}?]/); ( f’f}:i—,ZOOS)

* R F b E s b

n= JO%QE\Q:D rTJ {#TR’T"T
A= 3T5EE R P T R

RIS = kg kihF S RIZT LB > kfp? P R aks? g
- kAR E > FREM LT FETES ﬁ"gbﬁ’%%\;‘ﬁ‘*ik*};?ﬂ AR
Footo a B dp gk gl e w (R 6) A st BEOFIEL B oo Bl
Ry S

B ORISR e R Rd S R ECE R R A T REA TR H
-E‘—:_;AA’ DN ;\(1);\‘: 14 IEEIJ

L @)
yoE gkt
Al AA
I 3
E==— 3
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Al =(%JI =l an ‘I ...................................................................... 4)
7]
Al A4
& =T = ﬂ D et e et e ee et e e eet e —rer— i ———————————————— (5)

w

AEEECETOERSLIEPEARS L QR BT LR A EMS 9 11-1.2x102nme
A0 RFOFBG LT ST FREF RRRSER S Mg n e B AT
FRRREA I FBG B AR B E > 5B FBG T L * e - k4
MAELEE s R & & FBG 2AF XA AR R LG BEDHRT > & FBG #1F
b2 Ehe P28 6 £ & 0 FINT A kyH s FBG L Rk o e b
TR FBG LA WER S LD -

ot grating
mpu sensor( A ;)
Band Source spectrum ﬂ ) \ " measurand ficld
Reflected y
; coupler
Signal broadband | __ ,—f %I %, %, _
source ) 2
)
wavelength F S P Sy par!
Band Source shift decoding o ‘_ll N ’/L
Reflected wavelengt
s;;ual & & l t l ‘ encoded
ouftputs returns

B 5 skshck4m g R[4 X B & 6 L&k 5| x & RIZT R R
( % 74 5= 2005) (Kersey, 1992)

4.4 g SR R rr B

AR #rr 2 107 # B Tk et 2 sk 5ok 4 (Fiber Bragg Grating, FBG) %
Pa B AR RIE R RIREE F kR L KR R RERF S @ AT 2 FBG
BRI BEES R A B 28 At deT
¥ 1B FBG R R B Ak - #H FIRR SRV b B EFRE(CK)E R R B
E_;EIJ o
28 kP w T R 2 FREFRIERF > 2T FNRFTRBIE -

4 w

imA FBG %Rl k 52 4= W3 4o B 7 #4757 > FBG BRI B £ 98 ~ %~ i &

[
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A.

B.

FBG 7 # i BRI E~ & s i i 74T

|, FBG k&R * BRIRER V. LECR)E RE(CK)R

g1 , ‘ ‘
VI KR RE R Rk R
R

. FBGE &3 * MEpIER
g1

3

VIL BRI R ARYE & 7 4k £ R B R
L of 3 C AR L f @ o A1

—_—

V. 2§ % A B F > v f 68 (VIR R B iheg @ 5 OB B

Gl R T B

FTHABART U PHRELIERAEAZE T R IR
3l

£
EEARRPIELEZERT  BEN BEY RBEL YT UEEER T

EIPFRRER SRS GRTRR -

& EH B AT

| EH- %f2okmit o 0 g 2B ESPVC F > PVC # P £ 5 50mm -
I ERFEXZEP - EFHR - TRETHR -

I SR ek gk 550 8 SINRRIE -

IV, %oz 352 BRIZ P PVCE P 2 FREXFREZE -
V. iR Pk D]k g ik o

VI @EEREZRE I ZRE -

VIL i@ % 2608 pdo 2 RS RIFH L F I 28 RPSLA L 3RS

TR WP AT ARRLI TR o

VI, A T BECK)= 3 &7 AR RIE . E RS A
0.01kg/cm?~1kg/cm? » FEZR¥TH & 3Lk i 4 o

IXo frZ BApR A - @@ F R 00 3% 10-30 » &0 & W AT
BT KRB AR R
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ATl R SRR ERPOR Y B R R SR TG L R

X P 2Nz BBHBIFE LG RTHFFALATRA Y
% 1~2kg/lcm? -

(k)F % 2 2 pl4p M Bcdf o

‘%‘ﬂ

Xl 7 2358 %

SRS TR TR BORR FIRRBLRI Y BT R T FIERSES T
MEpH 1R R FRCREEFEBY T Ak g R B R R] 0 L BT
L {@iﬁg P TRED S ER FEFRERA g Ry o

AR AR _l( % B H
KRR E EBRORE

RE

TRGKE—

FBG& A 3t
FBG/E 71 3t

W 7 FR Rk FIRAE T RIAH KR

ﬁ%ﬁﬁﬁtﬁf‘é” S ’éfl HEA PR Eimpé%%%%” A IPE é?”’%? 7
iﬁuf‘m%&%ﬁvHT Gk AL J\ ®H 7R KR

T R R ZBEPE BT E KB et - ko - kAP Lpéi
ﬁ}#d: k&5, sequential pumping test)’ APERTEHT oL
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g pER 02020127 180 T = 04:03

Py s 1 TR eH FE)

BRI ¥ 2 ok =8 e & (head dataset) » igdt ok i AR E Z T ok 2R
Bz %z 7J\ /éi FEFT N B F L B8 247 42 3 (Simultaneous successive linear
estimate, SIMSLE) Ie P& #-#75 -k 3 gL 4 5 de oz A& fo 2 K & S8 > v
RRZBZTREFEIET P HT ¢ R ZNR * 72 F R RS iR i
#EP & 37 B Hliman et al., 2012) » 33 = B (4 Tso et al., 2015;
Zhaetal., 2017; Zhaetal., 2018) > ¥| 2 # = & (4= Wang et al., 2017) - lllman et al.
(2012) 1 &R 5 % @ﬁ%”‘"ﬁé}(lﬁl 8): Wi HRE A ik BIER L A
AP FREAE B PIBLERIF BT kB F AR ER £ 0 HT Hksds
BREN K EAS (B9 FRELSERRNTAFEET T ¥ RBF S
RIS LP o F gt TSR (B 10) HT Apt 2 6 2 245 i
2.7 3Rl 4 o FOOR2 BRI RTm MR A G RS e RIEL 0 A
ﬁ%mﬁ&%P’a o BEHLT E Y PUE S JTIoN 1 HT i 2 Sl B pr s 5
Bl 5 _’,L#ﬂmg AR E T HT AptH s 3 2 m 3 0 5 ﬁuimﬁﬁiﬁ‘#&tlpsb °

W8 WiFHMB - 2¢ HMFALATRNIEMT « FI icF 5 A EFNFIR AN
50 F - BEV L OBLP|EELER -
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FapER 2020127 18p T = 04:03
!
ATAIRGR A SRR ERITR Y B TR SR e R

(a)

W OKHAGE @ aflap L4862 K (D)1ks Sl KH
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g pER 02020127 180 T = 04:03

Py s 1 TR eH FE)

Relative Concentration [CIC) &

g

Relative Concentration (C/C )

1 Port19 03r  Port7 (Effluent)
Ot rvec! | . Otsarved
08 Case1 |0.25 Case
Coasn 2 Camn 2
Case 3 0.2r — 350 )

Relative Concentration (C/C )

0.15 :-
4
0. % S
0.2 0.05¢

0 S000 10000 cO 5000 0000 15000
Time (s)

W 10 gk F 5 S0 Bl o (@) » ¥ ITRBIZEZ T 7 ¥ A RE o
(D) fia » BE2 5 o AU B (C)3/L » BRRRE P F b A B] - Casel * £
d Gelhar and Axness (1983)4a - 2_f 7 17 2. T 35K @ - Case2 & d suf1 & £

FF2 KHoCase3 & d HT iz 2. K3 o
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SRR 2020127 18p T £ 04:03

AR LR SERT R E FEAD AR TGRS B

Tsoetal. (2015)R i3 % H-uk(FI11)® Riplf o2y - F i8R IpIBLRI 2 ok s

i o L% HT ﬁﬂ;i‘ T 1@“:%%af—r 3(&:%‘#@.13 0 F'?L" I FEEE A M
T R RESR R R LR P R0 B TR (e 2

S8 A %)iF5 HT chL s % i (prior mformatlon)ﬁ‘“ﬁ«? BB i MY SR R

WA AAng E R B REA HT dde r B ERM BRI FRUG - G

%GR R F o (RIL2) -

(a) « (b)
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T x  In(K)
Case 1a (Head-and-flux) Rl
using 7. =i =10m 22 0 2

Uniform mean prior

o% 0 "% ’
Case 1b (Head-and-flux)
using 7. =i =50m
Uniform mean prior

0% 0 =
Case 2a (Head-and-ﬁux)
using 7. =» =10m
Dlsmbuto} mean prior

W 12 1ok 4 R £ ok s

#FI T
AHT chgif 2 o0 @ 2 % o (b)(d)(f)A =l
-

_ Estimated In(K)

HidpE R 02020127 18p T = 04:03

oy 1 TEREY BE)

E: z
Overali- L1 = 1252, 12 = 2.697
Bost fit: y = 0,014 + 0,351, R® = 0.333

#interior: L1 = 0.857, L2 = 1,325

-

+7 Bostfit: y » 0.090 + 0.585x. R = 0.637

-10 -5 0 5
Reference In(K)

s(d) case 1b (Head-and-flux)’

£
.
all: L1 = 1,061,012 = 1,964
Bost fit: y = 0.337 + 0.526x, R' = 0.413
, #Interior: L1 = 0.761, L2 » 0.977
47 Bestft:y=-0.153+0.722x, R' = 0.687

10 5 0 5

+(f) Case 2a (Head-and-flux)”

> o
”
li: L1 =0926 L2 = 1522
Bost fit: y » 0.275 + 0.500x, R” = 0.531
, ?Interioe: L1 = 0,627, L2 = 0.713
Bost fit: y = 0.077 + 0.791x, R' = 0,773

K 3 - (a)(c)(e)»
B) 1 2 (a)(c)(e) i) &

-10 -5 0 5

rg];l;;\,uz pf.;i_'%_g;u
3]

R A
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ATAIE R SRR ERPOR Y 2 TR SR T B HN
AF Y HHE* 107-108F B T
R FHR R FRE 3

SRR LR RS KRR

%ﬂ%ﬁ%ﬁ%§EEW*$¢%?ﬁ%@
PTORGRER R4 A BN 5 AAHD
@K AT 2k Ff 182 e

‘7~“‘ \\\?{r

Jut

SLE ¢ 73 @i & eha it » M 845 B(linear estimator)27 73 £ £ % B
#c {377 4258 (residual covariance) » 438 (6)27 ;8 (7)#77 © ;8(6) ™ & i 16 S FHFh
BRI RERRTR SR R EEBITR T RE R - RN 5 fa e Sl
FEEM Gt o Ay Y > FlEE 2 e 7ok 4 @ ¥ ke (hydraulic
conductivity, K)£2 vt &5-k % #c(Specific storage, S ) &

Y TR S
iz %&L%@ow;fi’#’{%

Rk, W B R e, TTEERIE R
A TOEREER con 2 SR L 2 R B Lo ey P 5 K ¥k 4 Sk
2_E BB BaErL o

YA'C(HI) _ I}c(r) + a)T(h* _ h(r)) + '(/JT(T* _ T(l‘))

8(r+1) - 8(}‘) T

D280 = E, e ()
KNP LBALERR ey LG4RS (6) 22 (7) 2 Hu jpEE S 2l 2
*'{IG:}EKE_ ’ ﬂiﬁvkﬁ"@‘_)’id&—k , BlJ#B PﬁgL ¥ o 2

B S 50 (—l{r’gdy)ftﬁ—’x o

4.6 k4 Fok w Bk g

EMORA FRTE 2R FTRE R AL E 0 SVD ' AT
wER o 1T

TE
MK FRFE R ERLE YR EL ST L HE %i
(covariance and cross-covariance)z. a & > 143 TE

}g DL E ’_;&:rfé}f{g\
FrPr G i fask RS ALERE

EL AL YA o T
FoavEM PR R o Bl pootE MR R T e AT ki his

B KEb (0 f&T & S8 - o @ (perturbation) ) > #§ & P -k 4 Fheix
B4 r SVD Z H 8

v SVD 35§22 4 7 A 4o ()1

B =0 A 0T oottt

He A (nuxna) EAFACE, g (nexne) Face £, nn AL %R ﬁﬁ}%ﬁc«’ P
G EHE PR AO)T A ST
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Ay EeiEse(r 1 TR Y R

F0 O L gOJOIOTED IO L DR +8CD) O] e, (9)
MENMNF AT R TSN

() _ (D) _ () 30 J(OT o0 30) 4 o)L 30T (D)
g =g —glIV[IN €I+ T IN EY e (10)

3 (8) 1~ (92 (10)7 17 :

FOD =0 L gO MOHOTHPHOT + 0P TH(R +67) —hOT s (11)
&

g(r+1)l(r+l)g(r+1)T :g(r);\‘(r)g(r)T _g(r)\/;"(_r)H(fL)T[H(fL)H(fL)T _,_Sﬁrl)]le(fL) ;b(r)g(r)T ''''''' (12)
H oo HE = JOTg0 0 ettt (13)

rHEE L HY (nexn)

e g¥ i gP2 iy, BF An 5T

R T (14)
K3 - Hf deT

UORHUOT = O (1= HOT[HOHOT + 0O TPHO)AD nns (15)

% SVD 2 E R L @R 2 2% > FfE2 S HaR AaiE + (>3000) i

T E R AT T RSB A B B 21T 24T fRe, 0 BEF T F 5

X O(13) 0 F ez B a N (1B)1s 0 T REATD B y0 s @ { Fed e BB 56
R (LA) R o dopt o BERT BES (13) & (15)E A (14)2 2t E A ] 3Tk

B ppen £ 0 RIEDRAER LD, o
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RTAIRGRGE A FIRRERPTR Y # T E A SR FHd L F B
(I)sFa3tw
51 5 7B -KBREE R R P LPE

FERAILHRERET ERFFHE L AOMFER 0 T4 » BT RFE I K(F)H

fo 0 BENTH L HI MBI H AT P ANRPIE B dok 49757 0 A AT
G
1.Type A: B3 KBRFER R b - 3H1EA (AP B2 HAMZEF)NT FEFER

kB 208 R () 13) -

2Type B &5 KB~ BARFEET
BET R DR (R 14) -

B - 3R AEP T REERRECER

—‘_L l-,'=3 1—,'53

3TypeC: Z 5 KBIF BRI ~-¥T A
ER ()T H-‘*F?L TR SR

oK (F)# i o F-dHRAPN T E
2 E T R g pI(B 15)

% 4 7R EC3ETRHNE IR PE
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Type C O O O 0]




g pER 02020127 180 T = 04:03

P 4L g 2 24
Egi.s‘—;%!;i‘?f}@/ﬁ

KBRS B G 5T JEHBETH

W 14 Type B @ Bl BCRR2E - FEER(FE)ER)
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HidpE R 02020127 18p T = 04:03
e

FTADR G KA FIRAR TRk 2 gfﬁé*n B z}gxﬂ FH-de 5 e 3 B
/E7J<( %) 0H

S [

KBRS TELR T
W 15 TypeD 2RI FCKEF ~ER: - ETREER(F)ER)

FBG Rl B2z hiZi 8 F S FLEALIERARS 322 RHAS LR E D
BAAFER R B RS NFR o R E R R R N FRZ B MA P LR
O T ERIZKEAEFTEBE,ERIY REL ZERLRS B jTis S FBG KR
KR FEF RIS 0 o BRI (F 1) 7R SR RIRTERE TR
B 4o 17 #77 » & lpm A £ 1L G EA75mm k=g i o R IRA 5 F A
Lk 2B AR 1OCHE > ¢ A2 10pm gy £ e § > Flpt o s kg
kdp R TFOR L Rk e R R LR FIR ARG

BEIMILFHES FBG KB B4 fip2iFy 12 | FRE 2L
6°C> £ iplE % 4o 14 #77 c B 15 5 kR AMLERPE G SR E R F
3b A-kEFY PR RV REARBFEFORE R BT S REARELS K
Byt d MIS AW 1687 0 2 ¥R Ay - Rendgd > R Rl
o R RR B EL E 96 022 0 HNRKE A 2 B RFFRA S 0 2
ERHAERT FE 5 05% (022/40) ¥R E3EF Fo
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Wavelength (nm)

g pER 02020127 180 T = 04:03

EEE ST

B 16 &4 fi

1540 —
1539 —
1538 —
1 v=-0.01330831256 * X + 1541.162135
' [ ' I ' |
0 100 200 300

Calibration Pressure (kPa)

B 17 KBRS S
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