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Temporal variation of global sensitivity analysis for
biodegradation model using iTOUGH2
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Engineering , Nanjing University, Nanjing, Jiangsu 210023, China)

Abstract: Monod kinetic equation is widely used to describe the microbial biodegradation process of organic
groundwater contaminants. Due to a large number of parameters in the Monod equation, sensitivity analysis
can be used to identify the importance of the parameters, which is helpful for parameter inversion and
microbial biodegradation process understanding. However, most existing sensitivity analyses only focus on
average sensitivity value and space variation, seldom considering sensitivity over time. In this paper, a one-
dimensional sand-column experiment of toluene aerobic biodegradation was taken as an example. Based on
iTOUGH2 global sensitivity analysis ( GSA), we used Morris and Sobol’ methods to analyze degradation
process parameters and experimental parameters changing with time. The results show that the aerobic
degradation ability of microbes first increases and then decreases over time, which leads to the same trend for
the degradation process parameters sensitivity. Sobol’ Index of the maximum substrate degradation rate k
varies from less than 10% at early-stage to at most 62% at middle-stage and decreases to 49% at late-stage.

The parameter interaction effect also varies similarly to sensitivity. We used the differences between Sobol’
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Total Sensitivity Index and Sobol’ Index to describe parameter k£’ s parameter interaction effect, which in this

case are both at around 0% for early and late stages and rises to 6% at middle-stage. Through these time-

varying analyses of sensitivity and parameter interaction effect, we find that observations in the late-stage of the

experiment are more sensitive to degradation process parameters and the parameter interaction effect in the

late-stage is smaller, so selecting the observations in the late-stage is more beneficial for the degradation

process parameters inversion. Besides, to avoid the possible increase of observations error,the one caused by

improper experimental control, the experimental conditions should be more strictly controlled in the early-stage

than in the middle and late stages because the experimental parameters are more sensitive in the early-stage.

Keywords: global sensitivity analysis ( GSA ) ; sensitivity time-varying analysis; aerobic biodegradation;

interaction effect; parameter inversion; experiment design
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Fig.1 Schematic diagram for conceptual model of the aerobic

biodegradation in one-dimensional sand-column
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Table 1 Biodegradational and experimental parameters value

PRI S5 A
ﬁaﬁ Toluene
AU S/ (kg- L 4.0x10°7
S BERS S/ (kge L™ ‘) 0. 00
STV BABD, o/ (m*s™") 8.3835x10°1°
P 5 K AR B/ (kge (kges) 1) 5.706 x 10 ~°
PR B K/ (kg L") 6.546 x 107
73 < Oxygen
i WA E/ (kg L") 6.0x10°°
it BB B/ (kg L") 6.0x10°°
& BTV AR D, o/ (m*-s™") 1.757 3 x10°
z I X 9
L S (A M K,/ (kge L)) 10107
%= %) Microbes
KA BE/ (mg- (1 000 cm®) ™) 0. 00
SV BETS S/ (mge (1 000 em®) ~1) 0.23
BTV AR D, ./ (m?s™") 0. 00
ERREY 0. 426
HTHRRM d/s ! 8.831 x10°"*
7 LB & 0.37
% HKOFLE 3B B R b,/ m 1.0x10""
% KV v /(m-d ™) 0.62
it KRR -/ (kges™") 2.6503 x10 >
z B AR ry/ (kges ) 1.0612x10~°
H R R r,/ (kges ™) 1.590 2 x 10
12 Mo

T TMVOCBio £ 111 46 5 2, & >R H Ble it Y

Monod ) J] 2 i %7 Fi 4l it NAPLs 29 Wi i 7277
P T L S P A R R I T R AT R ) B 5 e
JEE AR BOLL K 5 B R 5 22w BRI AR L AR
oA P B A Y RS R W A T R R FLBR
AR AL B FLX A B M R i (3% 28 ) L ORI b A A
WIS A R

R 4 Fa w1 26 5 R AR 1) B o1 PR 2R, 9% R A T R
T2 (1) B A B il R 28 e (] 52 meg 366 o W i 1) 2 70
Monod #h J3 2% J7 85 (2) H i 32 22 B PR3 4 il 3 o
7 A 3 1Y) 45 /N Monod 3l f 2 07 R (B T A IR
il DS 2% 3 [R] 52w i 5T 1 W Wi, BRI 22 55 Monod 3
772 7 TR A 3 A W) % A S

dS
dt M()BB (1)
/"Lmax 1
Mos Bfoswammd T (2)
B
S E
Stonoa = (3)

Kowle +S + 1, Ky (I, + E + 1
iﬁEP:S—%ﬁE%%E/(kg%Fﬁ'(kg?k)”);

B—E%i/ﬁf”/(kg P (kg KD 715
— B TR R (FR AR i,/ (kg S

Mos
Ji- (kg ZEHHE ) 1)) ;5
Monax,B e KA B TR R (A Rt/

(kg ZETT- (kg £ HE-s) 1)) s
Iy AR ST PR 55
I,——E YA N1

il JEE )41 ) R K5
f ——7J<’£@7T°HT“EI’JTFI]?E'J H(180);
Srtonoa——Monod B Jj 38 I 5

S——RE e (kg FEF/ kg 7K ) 5
E—— 72 AR (kg 1T 324K /kg K ) 5
[ —SE P K 5

I,—Haldane Z P4 i 5 15

K, —35& 2 i AW 8/ (kg 56 - (kg
KD T AR OR O R KR KR — 2
P14 255 JOT VA B

Ky y—— W 732 PR F 10 F0 8 B/ (kg ML 721K -
(kg 7K) ") AR RN R KA K% —
4 I AR L T S AR
1.3 2R Uk M ik
AR ATOUGH2 . 38 ¢ 1 it
Sobol” 4 J&) i J& 1 73 M. iTOUGH2 J& 3¢ [&] 5%

7 Morris F
& Hr



£ 38 - FEAR % 3T ITOUGH2 () A4 ) W A 5080 4 3 I 8 43 2020 4
Berkeley 130 % JF % 9 BoA S 800 & R BURME S Index) o
BRI A B0 P 40 B D B 60 B ¢, JB TOUGH ™ K % — B R SE B S, B X
IR AT, 16 T P9 022 7 396 ) S0 4308 £ 75 8 T T2 1 VIELZ|P.]]
REFCS T A T 4 R O 3 B IR ST 7] (3)
g, A E[ -] — M
1.3.1 Morris & V[ - ]—2;
Morris OAT( One-at-A-Time) 3% """ B — A F 2% E[Z\P]——Z% P, 78 Ak 5] 5 i i 137 75 4

3 B 4 Jey SRR 23 M O 3 ORE T 08 — IR A e —
ASHORRE, T BT T IR A0 8 5 AR A g A
SR BGEXN n A S HHEAT Morris UBE T, 1 5
B n ABEEE LD, i s Do 13953 R Ch = 1) £, I 4
SHOBREEN A = APy = Piin) s oA = k7
[2(k-1)f. RIENES10,1/(k-1),2/(k-1),

1 = AL OB EEA SR LLE BB A€ AUA
Pi =Pinin + € (Pipan = Piwin) TR EIBEHL S BUH p, I A
NS B po BABEIL S BT AT (n + 1) WK
YR T, BGs AR RN — NS 8 p, A
(p, +A) T ZS B p, 9" FRLEE, -

EE, = (L.f(pl,“',pi + AL —f(pl,“',pn))
oy, A,
(4)

I o f M 3] PR

P—n HEFEHL SRR ;

p——H I NBEG

A E

o, — FBI R T, — AR IBOUL I L 14 e v 2

a— Wi i A ik

T or A BEAL S B R UL, R (4) #EAT
r(n+ 1) WHUEMZERG R &S EE, 450 it
B =S S8 B AR i Morris B0 VE 45 bR : OF B E
(mean EE) , 2 X5 {H V- X B (mean | EE | ) Fl b5 22
(SD EE) , H 1 mean EE F1 mean |EE QK4S 81E
208 ) bS5 0 R 4 Jm U 4 5 5 SD EE
D) FH A U3 I £ FURH LA A0 (B2 0 Ta) i AR B
Y I XT 2% G2 W o7 1) 52 ) )

1.3.2 Sobol’ ¥

Sobol” 5 — Fh 3 Ty 25 Y A SR LBV 43
T3, T 5 2 00 2 G R N Y 5Tk B2 O 0 BT A
YERZ . 5 CRENLAS & Z FIRfifLIa & P =[P, ,
Py Py, P IMRER R G N MBS, P, S
BATWS i S8 R LA T 2ER
Sobol” BRI FE A5 , 73 1) b — B B8R 48 #) S, (Sobol®
Index) A1 . 435 &% M #8 % S, ( Sobol’ Total Sensitivity

PR ST
S, AL T — B0 B B4 P, o5 e 0 B
5t 2 R R TR 1A A PR
FA BB B S, 52 X0
V.LELZ|p])

Su= - (6)
Akl ] —31H;
VI 1—r 2%,

E[ZIP_ | — S8 P, SV RS H B R

LUNEPNASSS AR S e
S TR TSR P, RIS H AL S Bn] 9 A E AR H
Xt W) 7 AR e Z R RN
WL S, 5 S, ZEAE R RN, Al B R A
B AR IR, B 224> 2 K03 [ 1 T ek 54> 2 40000k
PER R A AR FON R £ SR 3 R AR
X ELAS S B 52 R /N A T X B A S RO S T

Wl .
2 HRSW

Sy Bt S 0 R i 2ok R D R0 A R R )
VEWCT R B S ORI R S B R S T 4
SRV U A3 T o SR A Morris IR T B 2 72 S 0R
I 2% F 2 8O0 B AL iy A5 R 0 52 m, AR S
Sobol” i 5E i 43 T 1 Morris 1 i U ME B K 9 S 4%,
JEXT S BRI AR AT T 001 B B S5 A
i R BN, o AR o AR ke FE R P IR R B K TR
4 FH B K, BT 2R A Macquarrie 38056 1) 52 38 £k
HHE L, BOH AR E TSR 15% 7 iR &S5
AHE K B AR r BRI AR R
TEAHE A r, MR R 06 B 1 T 1 0 I 22 R
B PEE R 20% o 2 B0BUE i L3R 2
2.1 Morris IEHrah 5

YEURD A7 g FH 2Rk B2 Sy i) iy 7% S, R T Morris 15
Xt 2 6 S RE G FE 120 W, XT3RS 1 840 41
B 5 UEAT OB S BT, 0 b 45 SRR 2 RN 3 TR .
& 2 24 Morris BURETE R EE bR HEZE SD EE 55 45 %



52 1

JK SCH TR M R -39 .

{HIIMH mean | EE | ()& 45 OUXT HL & o AR 8 1 il
mean | EE |15 % S BUBMHEF N ory, > 700 >k > K >
ro > Ko WRAEINH SD EE 153 % 2 B B AE HI 00 HE
R, >r, >k>K >, >K,

x2 ERYRUESHHNSEERE

Table 2 Parameters range of global sensitivity analysis

EX PPEBE AHhE T ZHGEE (1g)
74 o7 3 T R
SR *F%ﬁ_@,l‘?s.me x107¢  15% ~5.314 ~ —5.183
k/(kg- (s-kg) =)
A (A K/ ;
» 6.546 x 10~ 15% -6.255 ~ -6.123
(kg'L™")
ECERAH K,/
1.000 x 10 =7 15% -7.071 ~ =6.939
(kg-L7")
KA 1,/ .
. 2.650 3 x10 "~ 20% -2.674 ~ -2.498
(kges™")
B HE A B 1,/ )
1.061 2 x10~ 20% -9.071 ~ -8.895
(kg-s™")
AAREARE r,/ .
1.590 2 x 10~ 20% -7.896 ~ -7.719
(kg-s™")
10° I
™ ™
*k
KX
10~
8
X
10°F
Kl",
10 i i
10 10~ 107

Mean EE

B 2 Morris iR MEEERFEHER

Fig.2 Average results of Morris sensitivity analysis

&l 3 Sy [A)—mm J3 AE 1 R 4 S 408 mean | EE | Fifi B
S A 2 . ML 3 AT LU 4% S 85000 SOER I J2: Bl B
V) AN 7 725 A 1 T) o 2 30 T %) S0P HE e Al B ) ) AN
WiAs Ak, R R URMEHET R o, >, > k> K>
ro > Ky, 5 Morris HURMEH8 bR A3 B9 25 1 — 5, 11k
Wi R S ANFEIT k> Ky >r, >r, >
ro > Ky o ULEAE S8 43 B B B R st 2 o AR 1
S HURE (B 2) , I N AR AR R AN 50 o B Y B
TR AR 100, i 7 R AR I B [ A5 b B F 5T, 4 1T IR
0l S B

WL HE— 2 T S B R AR 2 R B (1)
Tl 2 0 Ty S i R T I (] 2 b S 48 v U s o el

3 AR PR S RE S R kK R K R B I ]
T A A B/, BIV A 400 A i 9 R R e L AN
32 W figp o TR 2 B R0, SO ) i T U6 R AT s B
P ) 9 %, % ik ot e 2 00 i 7 2 e 52 0 78 R, RIVAR A=
WA W I e PR 5 2 K v 00 ) 25— Ik 22 I A o A
22RO i PO AR ek ) 2 0 3 ) A O, ] Rl AR W I i E
T35 B B 5 P 2 5 U R A M I A R S R 5
Wi A TR 08 /0N , P A W e i B s S8 . (2) IKAEW)
FEfp AL S e . T 3 S A S HL r, F
K 9 B0 A A e S A o A v B R AR DN, B — A
U SR W) e it LT T AR 32 RS W 50K R 3K
B S RTE A o (3) 1B AR A0 (I A R i I 1) B )
F% A0 SR T R A o R S O . AR 3 T R
fifp 2o 2 2 B BBURRE 1 B I e 0T A Ik B R O, B2
i T et /1 DR IHOKS 0 UL 6 WG S0 0 R T s 9
Feftd B 24 (4) IR B Boist 96 2% 14 42 1 b o 7T LA
Ao IWE 3 KB ZZAESH r,, M, 0 U S L
B, 1 2% A 2 B R PR KR, A 1 P )
SRR 0N U5 B U A% P 4 oS 20 T 0L
F1% 52 W R X 6 300 M R 400 DAY ke 400 1 8 2% 1 A
il B T A

102

1 1 1
0 10.6 21.2 31.8 424 53.0
Time/d

3 Morris R4 R &

Fig.3 Morris time-dependent sensitivity curves

2.2  Sobol’ ¥/ #ras iR

[ B Morris 12 A0 E M 158 W1 2 BOBBURRE , il i —
AR Fl Sobol” 1 72 it 2 H50O6 Wil [ AR £ (1) AH XF 5Tk
IE5r i = £ 8 B9 AH BOVE 0N .tk b HE X R SC
Morris 7 HBURPE B R 11 2 500 BRIV 55 DR A7 ol K fif 3
Bk R AR B K K IR AR r T 2R
WA r AT Sobol” Y& US43 BT, 3475 L AT i H
ARV JE R e [ AR B, Sobol” AR 2 500 AR,



- 40 - FhE SR, 45 3T ITOUGH2 ) A= 49y I ffp 55 230 4 JB) S R P I 2 3 A7

2020 4F

TR LA 4,

Pl 4 Shy LU A i FE 2R e B Sk i o7 A8 o B A5 78U S 3
SR — B U PE R B S, (S5 4k) 5 B BURME TR 5L S,
(FEZ) RS AE i Ze . 4007 S, ARk aR LRI, &
B — B U AE HE Y 1E O (B 4) 5 Morris 43 #7 45 R
(& 3) B —F, g 1 r, 5 o, X0 0w AR 5 1 5
kA A, BTRREE A 29K 45% Fi 53% o 6 e 1 kY
DTER R, DTHR Bl 49% ~62% ;K I STHRIK Z , BTRK
AT 25%

1.0

08 k —e—-0-

0.6l
|

SIS,

0.4

0.2

1 : . 4
0 10.6 21.2 31.8 42.4 53.0
Time/d

B4 HEIREHEITIESHA Sobol” H M4 5 4R it 35 B 4%
Fig.4 Sobol’ time-dependent sensitivity curves at main

biodegradational parameters

X 4 &SR S, 5 S, 1 25 (H HEAT I AR 43 A
KB (1) S, RS o 7 S8 S, ms A 3, B
S S, B0 0 B BE ] S0 RS /N . R G
W SRR AR AR, BZ A AR R T 2
YOO — AR AN IR X i SO 7 e A BTk . AL 4 F ] AR
AR B AR A A0 B 8] 58 3 RS e o e 3 iR
JER A e /N 2B K AE LR 0 R B 64 S 2 S, #Y
BE(EIE T O, A P 0108 SR 2% 5 36 iR 2 A2 Ak e R
SR ke 0 )R 3] A G (E R AE 290 0, 7E vh
HIMIE 6% o (2) 56 17 351 0 06 301 1) i 4 B ) I it
IR S B o 3X S T A CEL A P AR I 16 S R
Je /0N 6 R TEL AR T 2800 A e 25 /0 g 3 - 30 A
WA T2 RO R AT DR A P 4 060 A AR T3
WL HE P HEAT IS 347 45 LE 18] 2 1 SDEE ) 8 (- 1
HEFr 5 S R S BR i B

3 ZtERE

Oy RN TR i de A 0 e A o R LA R 2 0 R
M , A% 3C LA — A S8 2 0 W e R ) — e R0 A

], % FH iTOUGH2 Jz 1 % 4 b 1 Morris 3% F1 Sobol’
T, DARD AT A vt 2RV B8 Sk i) 7 AR St A BT T AR TR 6 i
RS HORA S F S B RSB & R U . 1
r R it o AR 2 B A i R B S ST R A R TR
AR B K R RN AL K X SR S
AR B AR r IR E AR AR
AR, WIFRERY

(1) 2T iTOUGH2 # 47 4 Jay Bk 43 A ] 45 )
2RO W I ) 78 Ak il 2R A B T PR AR BT 5 0 AR .
XoF 4 B A ) A e R AR SRR I B e ) A A AR Ak
TR B 2% 1 2 O P B R (— B O £ T
40% ) ,HEFF M ry, >, >k > K >r, > Ky s W) R A
FESBHURNME R R (b 1 — B USME y 49% ~62% ),
HEP R k>Kg >, >, >r, > Ko 302 KO i 4
Yy e gk 58 7 I P[] 506 320 9 385 R e SRS A B/, AT
SRR S RO BB R A S B R AR
Ao TRV S B0 AE AR FH R0 A B B T) & AR AR AR AR
151 3% 8 Ry Z 400 B AH ELAE T3S K T S 80— 2 ALt i
SR, L2 AH VR 2800 Bl BR8] 56 385 K5 /)

(2) MR 48 4 Jmy SO Bsf 2 3 A ] U0 3 i
r S B B R HLAE A T AR 50N i s B, R
I B B ) i e A S R T S B X T A i
55 WG 000 ) 50 A EL il i B R R i R S ) R
A5 o TRY B Sy ke 3 0 2% A2 ) AN Y 5 ORI 450 4 2%
ZERE R IR S 0 T R ™ T g e, S
e Yk S AE iTOUGH2 HEZR I JE 47 4048 4 (8 43 A , ml 1%
Bl SRR A 43 A SO 1 1 4 S e BRI R OR 2

2 % 3k ( References) :

[ 1] X, AR 3E, i/, 55 £ L4 Birh DNAPLs iz
BT AR IR T]. M R¥E¥IR (AR
) ,2016,52(3) :409 —420. [ DENG Y P, ZHENG
F, SHI X Q, et al. Review on the transport of dense
non-aqueous phase liquids in porous media [ J].
Journal of Nanjing University ( Natural Sciences ),
2016,52(3) :409 —420. (in Chinese) ]

[2] BREY,EHE LEBT KA RAEYER
RO [T]. Hdm R 7,2001,29(2):22 -
23.[XU S Q, WANG Y X. Bioremediation of organic
contaminated soil and groundwater [ J]. Engineering
Protection 2001,29(2) :22 -23. (in Chinese) ]

[ 3] AZUBUIKE C C, CHIKERE C B, OKPOKWASILI G
C. Bioremediation techniques-classification based on

site of application: principles, advantages, limitations



7K 3T 5T TR

. 41 -

[4]

[5]

[6]

[8]

[10]

[11]

[12]

and prospects [ J]. World Journal of Microbiology and
Biotechnology, 2016,32(11) .1 —18.

B A A A 8 B LS Y R K BUE W R
A BB EARE [ D]. K& 35 bR A, 2012
[AN Y L. The microbial community structure and
remediation efficiency in in-situ bioremediation of
[ D]
Changchun; Jilin University, 2012. (in Chinese) ]
MONOD J. The growth of bacterial cultures [ J].
Annual Review of Microbiology, 1949,3 (1) :371 -
394.

¥4 i, BENNETT G D. # F /KI5 Yt ¥y iF % 42 41l
(M. 2 fi. Jb 5T i 45 0 F AL, 200958 - 66.
[ZHENG C M, BENNETT G D. Applied contaminant

nitrobenzene  contaminated  groundwater

transport modeling [ M ]. 2nd ed. Beijing: Higher
Education Press, 2009 :58 —66. (in Chinese) |

JUNG Y, BATTISTELLI A. User’ s guide for
biodegradation reactions in TMVOCBio [ R]. Office of
Scientific and Technical Information ( OSTI ),
2017. DOI:10. 2172/1377850.

LACROIX E, BROVELLI A, HOLLIGER C, et al.
Evaluation of silicate minerals for pH control during
bioremediation: Application to chlorinated solvents
[J]. Water Air & Soil Pollution, 2012, 223 (5):
2663 -2684.

CONARD S R. Modeling DNAPL pool dissolution:
sensitivity analysis, inhibition kinetic effects, and
intermediate-scale flow cell experiment evaluation
[D]. Michigan Technological University, 2016.74 -
84.

MOHAMED M, HATFIELD K. Dimensionless
parameters to summarize the influence of microbial
growth and inhibition on the bioremediation of
groundwater contaminants [ J ]. Biodegradation,
2011,22(5) :877 - 896.

KRIAE M/, R A, . 5 AL R A Bk 2
CO, My 3 7 O XU 119 42 JR U 23 BT [T ]
A% Ml BT 22 #) , 2012, 18 (2) :232 - 238. [ ZHENG F,
SHI X Q, WU J C, et al. Global sensitivity analysis
of leakage risk for CO, geological sequestration in the
saline aquifer of yancheng formation in Subei basin
[J]. Geological Journal of China Universities,2012,
18(2) :232 -238. (in Chinese) |

RIS LU, 5 4R, 55 S T8 B T i
IK SCAR AL 2 B a3 A (1] K Bk R R, 2012,
23(5): 642 -649. [SONG X M, KONG F Z, ZHAN

C S, et al. Sensitivity analysis of hydrological model

[13]

[14]

[15]

[16]

[17]

[18]

[19]

paramelers using a statistical theory approach [ J].
Advances in Water Science,2012,23(5) : 642 —649.
(in Chinese) ]

AR B/, R AL S REOK)E CO, b Bt
BB AN 2 B0 4 Jm) SO 20 A —— RO b 2
Mo R S ) [0 ] T bR R 2 A A b BR B A R
2014,44(1): 310 -318. [ZHENG F, SHI X Q, WU
J C, et al. Global parametric sensitivity analysis of
numerical simulation for CO, geological sequestration
in saline aquifers: a case study of Yancheng formation
in Subei basin[ J]. Journal of Jilin University ( Earth
Science Edition ), 2014,44 (1).: 310 - 318. (in
Chinese) ]

WAINWRIGHT H M, FINSTERLE S, ZHOU Q L, et
al. Modeling the performance of large-Scale CO,
storage systems: a comparison of different sensitivity
analysis methods [ J ]. International Journal of
Greenhouse Gas Control, 2013 ,17:189 —205.
CACUCI D. Sensitivity & uncertainty analysis,
volume I[ M]. Boca Raton: Chapman and Hall/CRC,
2003.

WAINWRIGHT H M, FINSTERLE S, JUNG Y, et
al. Making sense of global sensitivity analyses [ J].
Computers & Geosciences, 2014, 65:84 —94.
WAINWRIGHT H M, FINSTERLE S. Global
sensitivity and data-worth analyses in iTOUGH2.
user’s guide [ R]. Office of Scientific and Technical
Information ( OSTI), 2016. DOI:10.2172/1274412
PIANOSI F, BEVEN K, FREER J,et al. Sensitivity
analysis of environmental models: a systematic review
with practical workflow [ J]. Environmental Modelling
& Software ,2016,79(6) ;214 -232.

UDDAMERI V, HERNANDEZ E A, SINGARAJU S.
A successive steady-state model for simulating
freshwater discharges and saltwater wedge profiles at
Baffin Bay, Texas [ J].
Sciences, 2014,71(6) :2535 —2546.

CVETKOVIC V, SOLTANI S, VIGOUROUX G.

Environmental Earth

Global sensitivity analysis of groundwater transport
[J]. Journal of Hydrology, 2015,531 (1) 142 -
148.

KUMAR D, SINGH A, JHAR K, et al. A variance
de composition approach for risk assessment of
groundwater quality[ J]. Exposureand Health, 2019,
11(2): 139 - 151.

MAHMOUDI E, HOLTER R, GEORGIEVA R, et al.

On the global sensitivity analysis methods in



. 42 -

FhE SR, 45 3T ITOUGH2 ) A= 49y I ffp 55 230 4 JB) S R P I 2 3 A7 2020 4

[23]

[24]

[25]

[26]

[27]

[29]

geotechnical engineering: a comparative study on a
rock salt energy storage[J]. International Journal of
Civil Engineering, 2019, 17(1) ;131 - 143.
SHAHKARAMI P, LIU L C, MORENO L, et al.
Radionuclide migration through fractured rock for
arbitrary-length decay chain; analytical solution and
global sensitivity analysis [ J]. Journal of Hydrology,
2015,520:448 —460.

SAAD B M, ALEXANDERIAN A, PRUDHOMME S,
et al. Probabilistic modeling and global sensitivity
analysis for CO,, storage in geological formations: a
spectral approach [ J ]. Applied Mathematical
Modelling, 2018 ,53.584 - 601.

X, H 4L A R BT Morris 25 1) 45 38 B #4548
T 2 Jm SO PE R A [T ] ol % 2 5 3R R,
2018,45(1):102 - 106. [ LIU B, XIAO H F, YANG
Y G. Global sensitivity simulation analysis of roadway
surrounding rock deformation based on morris method
[J]. Mining Safety and Environmental Protection,
2018 ,45(1) ;102 - 106. (in Chinese) |

TR, HHBUR, 7 R, S5 T DDA A ) 2 4 A
JRBUEAE [ ], W VL 2 2 4l (L2 i) , 2018, 52
(10) ;2007 -2013. [LUO Y, YESJ, WU J C,et al.
Global sensitivity analysis of parameters in land
subsidence model [ J]. Journal of Zhejiang University
( Engineering Science) , 2018,52(10) ;2007 - 2013.
(in Chinese) |

BEA S A, WAINWRIGHT H, SPYCHER N, et al.
Identifying key controls on the behavior of an acidic-U
(VI) plume in the Savannah River Site using reactive
transport modeling [ J ]. Journal of Contaminant
Hydrology ,2013,151 .34 - 54.

VALSALA R, GOVINDARAJAN S K. Co-colloidal
BTEX and microbial transport in a saturated porous
system: numerical modeling and sensitivity analysis
[J]. Transport in Porous Media, 2019, 127 (2):
269 -294.

SRAS I W Sy AT, % LT ITOUGH2 ¥y i 44
RERLGERH B 2387 7 2 [T ] M B 4 19 41, 2018,
37(3):235 -241. [ZHANG M L, HU L T, CHENG

[32]

[33]

[35]

[36]

[37]

L R, et al. Evaluation method of data worth of
geothermal model using iTOUGH2 [ J]. Geological
Science and Technology Information, 2018,37 (3) .
235 -241. (in Chinese) |

MORRIS M D. Factorial sampling plans for
preliminary  computational  experiments [ J ].
Technometrics, 1991,33(2) :161 - 174.

SOBOL 1 M. Sensitivity estimates for nonlinear
mathematical model [ J]. Mathematical Modeling and
Computational Experiment, 1993 1.:407 - 414.
FINSTERLE S. iTOUGH2 wuser’ s guide [ R].
Lawrence Berkeley National Laboratory LBNL-40040,
Berkeley, CA, 2010.

MACQUARRIE K T B, SUDICKY E A, FRIND E O.
Simulation of biodegradable organic contaminants in
groundwater 1. Numerical formulation in principal
directions[ J |. Water Resources Research, 1990 ,26
(2):207 -222.

PRUESS K. TOUGH2-A general purpose numerical
simulator for multiphase fluid and heat flow [ R].
Office of Scientific and Technical Information
(OSTI), 1991. DOI:10. 2172/5212064

LEE S J, MCPHERSON B J, VASQUEZ F G.
Leakage pathway estimation using iTOUGH2 in a
multiphase flow system for geologic CO, storage[ J].
Environmental Earth Sciences, 2015,74(6) :5111 -
5128.

WELLMANN J F, FINSTERLE S, CROUCHER A.
Integrating structural geological data into the inverse
modelling framework of iTOUGH2 [J]. Computers &
Geosciences, 2014 ,65:95 - 109.

R H, 7 4, SR ITOUGH2 J i A5 Y 7 M
AR g [T K SO BT TR M BT, 2015,
42(1):35 -41. [WANG J R, HUL T, YIN W J.
Application of iTOUGH2 to groundwater modeling
[J]. Hydrogeology & Engineering Geology, 2015,42
(1):35 —41. (in Chinese) ]

g . RS



