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Electrical resistivity tomography and numerical simulation of DNAPL infiltration process in three-dimensional sand box.
JIANG Jun-jie, CAO Wen-han, LIU Han-le* (Engineering Research Center of Watershed Protection and Green Development,
Guangxi Key Laboratory of Environmental Contaminant Control Theory and Technology, Guilin University of Technology, Guilin
541006, China). China Environmental Science, 2025,45(5): 2513~2519

Abstract: This research conducted an experiment on DNAPL contamination in a saturated porous medium within a three-
dimensional sandbox and performed synchronized dynamic monitoring using electrical resistivity tomography (ERT). The resistivity
images obtained from ERT were used to determine the spatial distribution of DNAPL contaminants, which were then compared with
the numerical simulation model established in the sandbox experiment. The absolute value of the relative error in the diameter of the
DNAPL distribution area obtained from the numerical simulation and the DNAPL distribution area determined by the ERT
monitoring ranged from 2.00% to 27.50% across different spatial locations.The absolute value of the relative error in the diameter of
the DNAPL distribution area obtained from the numerical simulation and the DNAPL distribution area determined by the ERT
monitoring ranged from 2.7% to 40.58% at different time points. The results demonstrate the feasibility of using the numerical
simulation software Petrasim to predict the distribution range of DNAPL contamination in saturated sandy soil.

Key words: DNAPL; electrical resistivity tomography; saturated sand; numerical simulation

B AL S DA P72 B ok B DNAPL 40 IR PIRIE e g,

% (1) 5 A /K AW 14K (DNAPL) 75 43 WL I B iRz
el FE RN A R KRB 3 R T R 3R
5y Y i) U DNAPL - 1 HUARRRR IR 4 B 5 R4 L
2 5P, B3k I SR BRI 2 L T i e, ik
R E K307 el PRk, 6 H R 7K DNAPL i
T RRIE 545 20 [ P9 b2 2 32 A o B A
52 A M T2 A IR AN o 1, ] Y 40 K38 43 X DNAPL
(I 9 AR S50 5 R 4D A b AT 0L A
BH 26 A5 30:(ERT) J& — Bl U BR 4 B IO 5 1, T4
DU MR 5 A B A 38 1 FE BEL SR 0 A3, A HE T 3 &%
FRIPE A8 401 7 DNAPL YRI5 Yo7 55 X I A
FH ERT, AJ DLIE R ERT W5 00 £ e B A% £k Sk 1

TOUGH2 &[5 (%2 fLE S8 N i 2 AH .
2 AR AR SRR B (B R, 3820 A B
TV 2 N A s i 2 TR e e 22
G L5 BT 20 B PetraSim /& TOUGH2 14
PR J5 Ab BERE 77, e v DA ek ) 4 = o W9 A, N
SR FERHI UG 25 A 48 T T A AR
PRBMAA, SEIN 2 AL B b 2 A 0 2
R A 1 A 5 3L U B R 0L 124230 M S wF 5 R

Wi HHEA: 2024-11-20

EEW A FER QARSI H (42277192); 5 = 1T 74 s 252248
TP TR IR

* JUTAER, #d%, livhanle@glut.edu.cn



2514 o

KoM R %

45 %%

PetraSim 454l DNAPL £ 4 £ LA BB AL N
B FE, 3 DNAPL {E —4EmbHT b i NiB il Fe 1%
AT X EL IS UF IF WA B Petrasim 2P ERIT AN £
LA it DNAPL 12847 0 515 4 Ao 2 nf 4T
(RS BN Petrasim FEFAE = 44 4F T ]
AT PEEAT RIS

ANILIE F ERT % DNAPL 7E = 4k 34 F it Rwb 4
BT T 3hA I, 5543 DNAPL AN
W =) S EE IR LR R BB S
Petrasim F& /7 IRAUL 285 AL QAT 0T LG, B0 U ASLADL 25
RBTTAT I, B 72N B A = 4451 7l DNAPL {5
PITBA AT S

1 SRBEMBIANTTE

1.1 SR E SR

=5 N S0 T AT P B S — R A, LR
PO 100em, %6 80cm, = SOcm, fHEE L 0.5¢m,
S0 N 1 TR DA I 2 BT AT 9 AN EKAL,
A R B AN LR RS 120m, i ) £L
50 AREE 20em, A7 N LEAH FIAL B AR AT 9 M HEKAL,
FH 1t R FEE DA P 3 e ki 42 4 20~60
H (0.250~0.850mm) [t &> - 38 75, 00 + (1 T %5 5 Hy
1.86g/cm’. k) T Bi 1- DNAPL 35 8% 4% 0 46 JE 50 Ik g ik
PRSI T BOR K EF I — 2 lem 2
Bt

30 A A AV

i em

°
@ oy
° @KL
AL

3 bl

K1 YRR SRR
Fig.1 Schematic diagram of the three—dimensional sandbox

model set—up

DNAPL V5 Yk =& L)% (TCE), N 1 i3
MM TCE MIE A2, H 7 FHIT Rt 0% TCE #E4T
e M WA R e R H BE R R A (B S
ERT21B).24 T 0 5256 b A7 E AT Mot W, 7 10 4 2 1 24
T 60 N 6em, EAZ 0.7cm [ HLAR, BEHE 10 ANH
e, 35 6 HE, H AR #E  10em.

1.2 DNAPL A5 S2;

SIS 2 1T A FH GG B0 SR A R AT K, LAAEAR
WK 8mL/min [P 2 AT K AR K G R 5 6
WORAEE 120, 8 20T e he o AL AN 7K s [l B4
e 5 PR HL BH R ASOR D AR B AT 28— Uk P LA M 0.

W B AR a A HE S 2% TCE LL 3mL/
min [F) 3 2 AR O EETH Sem by N, T AE#D
FE KA AR FE RS 2, [F) I 7E HEZK AR HE 7K AEHEA
TCE 2 1ij 56 FH i 2 i v BELASCIU 0 mb 47 v 114 Fe B %6
AT I HAE e N TCE LR A1 5t F P AR
A TCE iR bt A i B v FH 2 A3t A T S g
20min I —2H W BHRAE, [ e sk B4 TCE
A AN FENSFRILEANT TCE 1000mL, HFH
ML FERFLL 420min.

1.3 HHPH A i Rl

FIFH Zhou ZPTH Y (4 S T 0T v
REL 2% S 38 AR, 12 7 122K A5 FH A [) HaL 3 P AR R AH ()
i O\ FELYAL T P A N R A SR — AN DN S 6
TR A, KT L S T [n) Il 2RI RT A 2 F
L SR E FA i A DI AL D) AT DASRAGARE AL
T Z A my A FAE ZEARL PR e SR 0 R & AN
Fir = A A nT LAER IR A

Apl = SiAdL(k=1,2,,m;j =1,2,+,5) (1)
S oy BT L TG E AR RS IS
AN 5 S BN &, B

AP =" ApLSLAL(j =1,2,++,5) 2)

| 100

o, |

ooooo

Hfi: cm
o LRI A

50

B2 Rl R
Fig.2 Schematic diagram of electrode measuring points

PR T S @ P sh A S
S AR H S KPS 1 B AL VR INFIW AR S 4,
LA P S J SR XN — DA R S5
PRI B0 I 3 3 A A A P 00 el SRy
SO SRR MR B IR EE AR
A R R, T B N e A R 2 T 1 K
Pic sk D> 21 R] 452 52 1) 359 J5 IR (RMS) K- AEREAT S



5 34 VRS, bRt DNAPL A Bt #5 v BH 28 o 15 5 BB 4 2515

T, 26 00 B 4 1EAT S AR TG ) 43, 35 4> SOk
0.1mx0.1mx0.1m [ 75 [ £, §. 70 S H A 400 (10x
8x5), 1 T HA AR A F2 SR i e B i =2 (18] 2), P A
T HL BE e PR G AT i =2 A A
1.4 FUEBRL

AW FALE H 2 AHALAU AT PetraSim % =4
b 4F v DNAPL V5 eI A i R AT BB AL AL AR 4

= WS S AT . T —N K 100em, 5% 80cm,

fr S0cm (1) A B B IE I 3 S 1 3 TE A T 10
17,8 41,5 J2, 35 400 AW, AR WA IR 58 38 8
10cm. 452 78 1R THLES Sk R 5, Jie 8y 2 38 Bl .
FEREIY X7 o) b0 A7 0B 4 NI A 1 D
N IR EFIHEZK A AR TR T v O A7 8 B e )
(PE A

AWFFUAL AR R 1335 2% 55 5L Stone HEAPSIA1 R
A0 5 T BR B Parker VBT Sl E 4T £ AR LR A5
MELESHRCEWMR 1 Pros BUEBAALH ) FLER
J5£ 55 BORL EL S 40 S S - OR BB E H
Kozeny—Carman /A 2 iff 5 .

JaE
K= SZC(l —F)2 3)
KK NBIER, @ N ALBRIE,C h 8O 5,8 Ay b3k
TR, X T BRI RURE, EE R TR AT 3T A
6

S= @

Arfd, R BRLAS B IE 2 N ik AT 5 o
_ Fd, )
180(1- F)?

$F T 20~60 H(RiAE 0.250~0.850mm), 575 11
S04 BOF RS d, b 0.55mm, BB RNy 2x
107, 117 S 3 Beb (R R A7 AN S 24006 359 50 43 A7 14, TA
BLPIEE % S 508 i 22 BRI HY

PRFUEL G V5 G MO0 T8 LA ) 3ok 6 2 3t
I, MR L RR4: 420min AU FE R3S et s o
6 55 R I K b5 S B 0 A 175 G i N 3 R
5 I ) A — 5, A IE DNAPL IR 45 1 i R [X sk
N DNAPL 15 )5t & 5 SEBR b4 DNAPL (1) sl i
.

F1 HEREPIESY

Table I Main parameters in numerical model

A R B (R
m

AR B IE R EL Stone BT

EH L)) Parker 171

Sor Shr

Ser m Sm n dgn Anw

0.36 7.8x10™" 1860 0.1 0.02

0.01 3 0.1 1.5 100 50

2 FHR51E

2.1 HPRHRAAE EHGFIR E G 45 1
T H0F ERT Wil DNAPL 3T (145 25k 4 1)
surfer #F45 211 Ho BH 2 A A0 (E 5 S BRI 20 1)
b0 88 PR A5 A T 0T L, FL BHL AR AR 1) 2 XK
P, =P~ P (6)
Ao I HIBHZ M WIARTS 5¢E, Rl DNAPL V5 449
ANZ AT TR HL B AL o hiE N DNAPL {5 )2 i
t ISP ZA I ) P B 2R AL, 453 81 0 P PE R AR A (BT 2 T )
T 5% P BE R AR ()5 M, TT A S S AT 114 e ey G i
V) 0 P A8 A 100 ot 3 b B 2 A% A 1 P A5 N
RIE PG AE A (BRI 8] AT REAT X L
211 R PR GRS PG 23 () op A xf b A
23 ) 3 A AR 420min IS i BELR AR A 5 5
TRLFITSE PR A5 EA T L, S B 45 1 N VS e, D A

1) DNAPL Jiftik 25 K. T DNAPL A HH
BH = (1945, T LAAE HL B R AR A P 17 v FELBEL R
DX IR DNAPL 75 4P X sk A& 3 7T DL H,
FEL BH AR A0 AR G O X 3 ) L B R AR A 2 v
JAI X 3 F B R AR A AL E 2=0.05m B, 5 L)
HLBH ARG AE 4.2~5Q-m 2 [8), B VA S BT BRI,
HHUC X 355D L RH AR A D Tk /> 4E 2=0.25m I
DX H B R AP 4 1.8~ 2.6Qm Z[A.52Z
AFOT I RSO 380 R VN B2 B AT 2=0.05m By Hu L X
SRR T 0.13~0.15 2 [H],4F z=0.25m Hf Hla X
s R AN AT 0.09~0.11 22 ).

7 x=0.5m Al y=0.4m 73 IEHFE—F B Lk a—a;
F— 2P FNILL b-by BEAT /3T (E] 4), 385 surfer A4
SRR T 2611 L BH 2R AR AR RN RN B D) B,
WP 5 Fros. S PR AR AR A3
5 DNAPL 1FIE AR AR B, HLBH AR 4L



2516 LI S

Bl 45 %%

2
%

{ELARUEEAEA7 5 DNAPL YRR U (8 07 B RS0 I,
T 32D e oA AR I 2 IR PR AR )
Z i S A B DNAPL WA T LE.

EIES I | A

p/m L | SNt 0}

=B 2=0.05m 2=0.05m =|0.15
4.4 S 0.135

[3.8 012
13.2 ‘}_‘0,105
2.6 L 0.09
2 0.075
1.4 0.06
0.8 0.045
02 0.03
04 0.015
- 0

’z=0.245m z:d.25m
3 420min I z 77 ) b QL BH AR A A IR S LR
DNAPL 1 B B 500 L
Fig.3 Comparison of resistance change value image in the
z—direction with the simulated DNAPL saturation image at

420min

B FHCE AR IR 12 e U AL
(13408 SR T R AR A T R 1) AR A A L, B A
T RR AR A I R . B S B R
BRI 50 P 5% 10 25 R S8 T PR A i i R T R

s =N
i)

(R4, BT pR 50 P 5 1A 7 A SO — i 3 Mok
S e v BH 2R AR A AR P 1B L % BB R AR E Y o
Hp, 53 AR MEH LR R THIZE b HuBH R AR b A
) 3 00, 1 1 e v PHL R AR A AR ) — B 2 U
T HL B AR AR A R AR A T Tl — o 3 A R s
ARG R (AR A DU AE F B AR AR 20 AT
T5 G DX g J) TR AR5 G DX e ) 34 F e v BH A AR
A AR A 38 3 S PR PR o7 A, B B R BOE B e K AE
HRENACRPSN: AR DS G VRS s 2 N ERe S S Y R U=
Ry KA 8 “ AL 5 i Sl I — B S KA,
A LLR € T 2 B ARYS B X g Je X 4k« At
R IV RARGLEL DY AT R Z AR R R R i G
EEETITNE G

0.8
0.74

0.6
0.54
0.4
0.3
0.24
0.14

&l

»(m)

0 Ll
0 0.1 02 0.3 0.4 0.5 0.60.708 09 1
x(m)
K4 WHHIHE R

Fig.4 Schematic diagram of sand box section line

0.12 — . — 35 0.12 ———— . . =1
A . o e | ZAR.
ol0} @ Fi e mmEERE 0 op () N e R © e EETREL )
o4 AR =& | 0.08 SO {22
008} /£ a% 125 0.08 = a 23 " A '
. ' % hre An ' A 2.0
0.06 .’AA AA . 20 g 0.06 I: A‘"‘ 2.0 E 0.067 ;e 14 E
o 0or ! . g 006F Ny L °8 Q i Lo 18
- ‘-A: AAA- 159'[,J "A‘A AAAi %:m()()z; ; : 4 B! 16g
/ . 115°% : v o4 P o 6%
0.04} Iy At 0.04 - o L% L5 ] N \\
/£ AN 10 L A S a 14
002} / PO 0.02+ Ia AN 0.02 AL A B 12
J A A - A LY N 1.0 o g Fa “ A ’
e A 105 g by . ) i N .
ool =Y . o0l o x " ool ¥ a “ 10
N PYN s s . . . . M Y
00 01 02 03 04 05 06 07 08 09 00 01 02 03 04 05 06 07 08 09 0.0 02 0.4 0.6 08
x=0. 5% _E & HUE Ay Hh AL AR (m) x=0. 5% L& $fE £y HhALRR (m) x=0. 53 _E & BUH 2y AL A% (m)
0.12 — . . . . —40 0.12 — . . . . . . . . . — 30
o0 @ £ %l mmzap]|S o0l © AN g ® A e AR 12
£y 10 L 125 wosl R {20
0.08} PN 0.08 L o - J A
A N {25 S i 2.0 Fi 4 ", 115
i Py - : _ I fi s ey ~
o 006} Ja I 120 E o 006} ¥ % 15 o 006 N A = {10 E
@ 0 n "G a S % TCa P i Jos €
ooal i -:: 153 ol il % 0 & 004f ! : A‘A . =S
s L LY . 1.0 gL ‘A.'rr'.’ Jos P A )
002} o4 1 g 0.02}F oA A - 0.02 § £ A 1-0.5
oA S 1os . A F .
s T A A {00 s 4 “
ooof ot 2 00 ooof At S 0.00 i " 1.0
. . . . . . ‘ . X . . ~ s . . . . R
00 02 04 06 08 10 00 02 04 06 08 10 00 02 04 06 08 10
y=0. 4m T _b % BB s x AL AR (m) y=0. 4|1 _E & HUE A xEhALAR (m) y=0. 4T _b & HUE Sl ALAR (m)
5 Tk b b FE 2 AR S R BEAE AT LG

Fig.5 Comparison chart of resistance change value and saturation values on the profile line
()BT 2% x=0.5m,z=0.05m;(b) B 2k x=0.5m,z=0.15m;(c) B i £k x=0.5m,z=0.25m;(d) I 4k y=0.4m,z=0.05m;(e) A1 T4k y=0.4m,z=0.15m;(HZ
HIH 2% y=0.4m,z=0.25m



—YERD R DNAPL A2l i v PH 28 Bt S U R

2517

5 3 PR
o' p
= 7
Pe= 3 (7
0’ p
p, = e ®)

VA4S B LR R AR ARE 1 B 3 B R
B 6 B, EAPTAS B 2 B0l R AR st 2 18] () 3
D,y H BH 3 AR AR T A5 € 17 e B AR DAY
M EMG EMIRES 0 1R (B B Dy i
AN RE A% 0 52 115 e ELAR P B 5 R SRR T

P DS AR B 3R 2 Fr . b FLBH #R AR A A R
T € (75 Y X 3k HARAE 0.40~0.51m 22 [8], 14548
(100 VR R PSR 2 1R Y5 G X S AR AE 0.42~0.51m
2 [a), P 3 TR AR 0 3% ZE I 8 0B A 2.00%~27.50%
2 [H].

2.1.2  FPH F AR AR G R AT AR I ] AR 4
X 7E 3=0.35m,z=0.05m {1 _I-, A 60min 2k i []
) B 23 TG X 7 A IF ) st %) H B 38 AR A TR S
DNAPL M1 G4 L ] 7. 8 P,

150 | : 200
|
oot @ " K | 100 !
o Aal o, ! / 'y
oo Uf & et o = ' R
B \ # \ 100 W |
E sof * LA n | E vl
g et S 200 Y “\”‘\P
Q100 F o 1| k=t [
100 v ol | J,ﬁl
-150 F il
|A = 7=0.05m -400 “l —=— 7=0.05m
-2001 | e z=0.15m S0 | e z=0.15m
250 o s ,=025m|| s s 025m
1 1 1 1 L 1 1 1 -600 1 1 1 L 1
00 01 02 03 04 05 06 07 08 00 02 04 06 08 10
y(m) x(m)

K6 ERT 5 {5 4 X il B A%
Fig.6 The diameters of the contaminated area estimated from ERT
(a)RERITINE a—ay; (b)HTFTHL b-b,

F2 ~420min FHIEZ £ R RS ERIEIEHEN
TRXEEXLE
Table 2 Comparison of pollution zone diameters determined
by resistance change value and saturation on the profile line at
=420min

FBH AR U BN S 1

LR RP I PUR

z R

Bl WS RK R :
(m) F(m) (%)
Fife D, (m) Dy (m)
0.05 x=0.5m 0.50 0.51 0.01 2.00
0.05 y=0.4m 0.40 0.51 0.11 27.50
0.15 x=0.5m 0.47 0.48 0.01 2.13
0.15 y=0.4m 0.46 0.48 0.02 4.35
0.25 x=0.5m 0.48 0.44 -0.04 -8.33
0.25 y=0.4m 0.51 0.42 -0.09 -17.65

ME 7 LG ERP R 1=0.35m 1,
WA DNAPL 73\ s Kb 1) v BH 2 AR AL (BBt 5 N [R] 1)
HER AW 15 K, E 55 60min i, DNAPL VA Ak
) L B R AR A N 1.4~2.2Q-m, #55 420min I,
DNAPL A SR FE B T 2 3.4~ 4.2Q'm
2 IA) AE t BB AE 2 ) DNAPL 0 1€ 45
DNAPL 3N 5 Ak 1 1R R 2 A8 AR AiE 5 Hi B R AR

WAEAALFAE— 30 AESS 60min I, DNAPL A 54
b ) A R FE D 0.09~0.1 2 18], %5 420min I},
DNAPL N fi AR i i AR BT 28 0.1~0.11 2 [H].
AE 55 120min A2 180min I WE AR 22003843 X Il A7 7
FH, BH 26 e 5 DX 3, 1] B A2 52 B TR SR I 52 M, A JT
e k. thiE 8 W LLE L AE R AR =
0.05m I, 55 60min I, B4R HhCa b 1 L FH 22 AR
ABAE 1.4~2.2Q-m 2 (8], B I (0] (0 HERS 46 R0
A 11 P BHL 387 A P 20 9 T v, 21 55 420min B, D4R
AL LR AR AAETF 2 3.4~4.4Q-m 2 [A). 11 FHTAR
43 21 (¥) DNAPL A1 B AR 55 60min I Rb4F
KB DNAPL 70 F1 5 7E 0.08~0.1 22 1], 1] 25 420min
I DA O AR PR BE T A2 0.12~0.14 22 [8). [FIFEHSE:
2=0.05m I T -5 B T o5 49 P A5 A e T 4 A T rLRHL
KAL) I SRS WA BEXT LR, a0 3R 3 BTos,
Fo, L 56 AR A AR PG e 175 G X B B4R 0.36~
0.69m, FH A HDL FR) VR A LA A o 1R G X S LA A
0.32~0.49m, P4 = [ AH 0 % 25 19 48 AR AE 2.7%~
40.58%_[H].



2518 S RN €5 I N - 45 %
6omin - E P e LA T ARk i,
120min “ r' ' B %3 HESLERETLERNENERTNSARER
FEF%%};E“W“H @‘ i ”EEFDF*‘ Xt |:|.’,(z=0.05m)
36 180min 8~L51 Table 3 Comparison of pollution zone diameters determined
42 0.13 . . .
38 0.12 by resistance change value and saturation on the profile line
%-4 240min 8{|
26 - 009 (z=0.05m)
23 o — 0,08
14 300min ‘ @? 008 il WA G B R 4oM iR AR
I . < 508 2k —Bry BTG RV AN e LR ZE
0s " \) ‘ 0.04 (min) - # D, (m) [ DH(m) (m) (%)
3$% H60mi “ 04z 60 x=0.5m 0.36 032 -0.04  -1L11
) ' v 1 0 60  y=0.4m 0.48 0.33 015 -3135
420min “ ‘ Y 120 x=0.5m 037 038 0.01 27
Y-035m ' 120 3=0.4m 0.69 0.41 -028  -40.58
‘ 180 x=0.5m 0.42 0.44 0.02 476
Bl 7 0 R BE AR AR (AR AT DNAPL MR X HE(y=0.35m) 180 y=0.4m 0.6 0.44 018 2003
Fig.7 Comparison of resistance change value and DNAPL 240  x=0.5m 0.51 0.44 -0.07  -13.73
saturation (y=0.35m) 240  y=0.4m 0.44 0.46 0.02 4.55
300 x=0.5m 0.41 0.48 0.07 17.07
r 1 300 y=0.4m 045 0.48 0.03 6.67
60min L a 360 x=0.5m 0.49 0.48 001 -2.04
- 360 y=0.4m 039 0.49 0.1 25.64
r v
120min | L@
4
=1 3 g
RS y i
PAM) 1 80min 50 N S ke s
S 0.1 3.4 AEANIAI A L i EE AU 2] DNAPL 5 4
) 1 . o ey
i dh Py43Ai X 4 55 ERT W91 8 52 1 DNAPL 35 449y 43 A
: i » : . , N
3 240min ® 0l I Jak 925 Bl EEL A3 L ) 382 22 (R 806 B /E. 2.00%~27.50%
22 0.08 NN e s .
I3 0.07 Z AL UL PetraSim ARFULK AT T LA G Pl
1o 300min 30 DNAPL 75 4L % 18] 53 A
02 0.03 e -
02 0.02 3.2 AEANFIN )k b ARG 2] DNAPL ¥4
- . 0 g
360min G oA X 8 5 ERT i Il Pl 5 1) DNAPL V5 444 43
At DX L ELAR AT TR 22 O RHELAE 2.7%~40.58%
420min Z [ B4 PetraSim BS4BL 342 AT LA Hb T

8 i1 i B AR AL AR AT DNAPL Y0 B % L (z=0.05m)
Fig.8 Comparison of resistance change value and DNAPL

saturation(z=0.05m)

213 RZEBIT 1 AR BRI 2 S G
V0 B S AU 21 A VR JEE ] Bl P95 e ) 9 TR A7 A
e, HTRE T BAT Lt 5 RS:(1) S 3 1 23 WS (R S
AR, AN AL LAHERF S 5 G 70 A1 (RSB 0.(2) 2 AR
UL W BBEAL B ARy 22 50 sl — e L A (HL S
B A S5 (R AL BEUE S0 A ANE 50, L PR AR Al th
SRS O T e, S S i P R T
I,y L RS o 4 o AR 8RR e R A S

DNAPL ¥5 4t
WA SN DNAPL V5 Y70 A 2558 17 HLnt, By
TN A

B I [0 A2 AL R N B A — Y 2 F

SE K-

[11 Engelmann C, Héndel F, Binder M, et al. The fate of DNAPL
contaminants in non—consolidated subsurface systems—Discussion on
the relevance of effective source zone geometries for plume
propagation [J]. Journal of Hazardous Materials, 2019,375:233-240.

[2] You X, Liu S, Dai C, et al. Contaminant occurrence and migration
between high— and low—permeability zones in groundwater systems: A
review [J]. Science of the Total Environment, 2020,743:140703.

[3] MRS HEARLLEE, S LT B ADGEIR T AR E Y DNAPL
BRI [1]. AR, 2015,36(7):2532-2539.

Gao 'Y, Zheng F, Xu H, et al. Laboratory investigation of DNAPL migration

behavior and distribution at varying flow velocities based on light



VRS, bRt DNAPL A Bt #5 v BH 28 o 15 5 BB 4 2519

(4]

(3]

(6]

(71

(8]

[

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

transmission method [J]. Environment Science 2015,36:2532-2539.
Abhay Guleria, Pankaj Kumar Gupta, et al. Unraveling the Fate and
Transport of DNAPLs in Heterogeneous Aquifer Systems—A Ceritical
Review and Bibliometric Analysis [J]. Sustainability, 2023,15,8214.
RS IR AL R R, S M Z AL/ iTh DNAPL V5 34U X 45 1)
RFCRE Y [7]. P EFREERIEE, 2019,39(8):3474-3483.

Wang H, Xu H, Guo Q, et al. Dense non—aqueous phase liquid source
zone architecture and dissolution in saturated porous media [J]. China
Environmental Science, 2019,39(8):3474-3483.

P MR, 58 27,5 K Tween80 %I DNAPL i&# A1)
AR ()], T EAEERE, 2019,39(3):1068-1077.

Chen Z, Xu H X, Wu J C, et al. Effects of Tween 80in groundwater on
DNAPL migration and distribution [J]. China Environmental Science,
2019,39(3):1068-1077.

SRBRPR SR M AR, A5 AR PR SR 1B S K PCE (i
RIS AL [7]. b EFR R, 2018,38(9):3398-3405.

Guo Q Z, Zhang Y, Jiang B L, et al. Experiment and numerical
simulation of surfactant-enhanced aquifer remediation in PCE
contaminated laboratory sandbox [J]. China Environmental Science,
2018,38(9):200-207.

Wu M, Yang Y, Lin J, et al. The co—effect of heterogeneity and solute
concentration on representative elementary volume of DNAPL in
groundwater [J]. Journal of Hydrology, 2020,585:124795.

Feo A, Celico F, Zanini A. Migration of DNAPL in saturated porous
media: Validation of high-resolution shock—capturing numerical
simulations through a sandbox experiment [J]. Water, 2023,15(8):1471.
Shi J, Chen X, Ye B, et al. A comparative study of DNAPL migration
and transformation in confined and unconfined groundwater systems
[J]. Water Research, 2023,245:120649.

Christopher P, Jason I G Marios K, et al. Evaluating four]-
dimensional time-lapse electrical resistivity tomography for
monitoring DNAPL source zone remediation [J]. Journal of
Contaminant Hydrology, 2014,162:27-46.

Kang X, Shi X, Deng Y, et al. Coupled hydrogeophysical inversion of
DNAPL source zone architecture and permeability field in a 3D
heterogeneous sandbox by assimilation time-lapse cross—borehole
electrical resistivity data via ensemble Kalman filtering [J]. Journal of
Hydrology, 2018,567:149—164.

Deng Y P, Shi X, Xu H, et al. Quantitative assessment of electrical
resistivity tomography for monitoring DNAPLs migration —
Comparison with high—resolution light transmission visualization in
laboratory sandbox [J]. Journal of Hydrology, 2017,544:254-266.
Koohbor B, Deparis J, Leroy P, et al. DNAPL flow and complex
electrical resistivity evolution in saturated porous media: A coupled
numerical simulation [J]. Journal of Contaminant Hydrology, 2022,
248:104003.

RBLER, JE R AT, S M e A KO A g e o R A v S B 26
BIEE AN (). HIRYIE AR, 2008,(4):1246-1254.

Liu H, Zhou Q, Wu H. Laboratorial monitoring of the NAPL
contaminat—ion process using electrical resistivity tomography. [J].
Chinese J.Geophys, 2008,51(4):1246-1254.

Xia T, Ma M, Huisman J A, et al. Monitoring of in—situ chemical oxidation
for remediation of diesel-contaminated soil with electrical resistivity
tomography [J]. Journal of Contaminant Hydrology, 2023,256:104170.

B AR P ERT I H e 1553 PAHSs V5 48
Yk mt st (1. EFREERNE, 2023,43(11):5933-5943.

Liu Di, Song Q, Li L, et al. Field study on ERT monitoring high—

pressure rotar—y jet repairing PAHs pollution [J]. China Environmental

Science, 2023,43(11):5933-5943.

[18] Caterina D, Flores Orozco A, Nguyen F. Long—-term ERT monitoring
of biogeochemical changes of an aged hydrocarbon contamination. [J].
Journal of Contaminant Hydrology, 2017,201:19-29.

[19] Trento L M, Tsourlos P, Gerhard J I. Time-lapse electrical resistivity
tomography mapping of DNAPL remediation at a STAR field site [J].
Journal of Applied Geophysics, 2021,184:104244.

[20] Pruess, K. The TOUGH codes—A family of simulation tools for
multiphase flow and transport processes in permeable media [J].
Vadose Zone Journal, 2004,3:738-746.

[21] Suzuki A, Shi S, Sakai T, et al. Automated parameter estimation for
geothermal reservoir modeling using machine learning [J]. Renewable
Energy, 2024,224:120243.

[22] Zhang L, Yang Q, Zhang S, et al. Enhanced CO, storage efficiency due to
the impact of faults on CO, migration in an interbedded saline aquifer [J].
International Journal of Greenhouse Gas Control, 2024,133:104104.

[23] Chen L, Ding G, Lu J, et al. Gas tube effect: A transport mode of
deeply buried volatile DNAPLs to shallow strata [J]. Journal of
Hydrology, 2024,630:130696.

[24] Yamamoto H. PetraSim: A graphical user interface for the TOUGH2
family of multiphase flow and transport codes [J]. Groundwater,
2008,46(4):525-528.

[25] D4 REC I MM A Z B A ) AR S A ML A 1) T 2%

Z4RH DNAPLs IZ 5 ST ST [J]. 7K SCHRR TRE U, 2022,49(3):
174-181.
Chang X, Luo Q K, Deng Y P, et al. Effects of spatial variability of
fracture width and leakage conditions on the migration of DNAPLs in
network fractures [J]. Hydrogeology & Engineering Geology, 2022,
49(3):174-181.

[26] M8, XIBCR A L DNAPL ¥4 S0 B i At S U A 0
[9]. " EIRERE, 2024,44(1):386-395.

Xiao P, Liu H L. Transport processes and numerical simulation of
DNAPL contaminants in saturated sandy soils [J]. China
Environmental Science, 2024,44(1):386-395.

[27] Zhou Q Y, Shimada J, Sato A. Three-dimensional soil resistivity
inversion using patching method [J]. Journal of the Japan Society of
Engineering Geology, 1999,39(6):524-532.

[28] Stone H L. Probability model for estimating three-phase relative
permeability [J]. Journal of Petroleum Technology, 1970,22(2):214-218.

[29] Parker J C, Lenhard R J, Kuppusamy T. A parametric model for
constitutive properties governing multiphase flow in porous media [J].
Water Resources Research, 1987,23(4):618-624.

[30] Carman P C. Permeability of saturated sands, soils and clays [J]. The

Journal of Agricultural Science, 1939,29(2):263.

AE B, INDERE IR 55 TR B B 22 9 25 (¥ 7 v e AR 2%

PRI (1. T EFRERE, 2019,39(12):5162-5172.

Nai C X, SUN X C, Xu Y, et al. A site pollution nonlinear inversion

[31

method based on deep convolutional neural network [J]. China
Environmental Science, 2019,39(12):5162-5172.

[32] Almpanis A, Gerhard J, Power C. Mapping and monitoring of DNAPL
source zones with combined direct current resistivity and induced
polarization: A field-Scale numerical investigation [J]. Water Resources
Research, 2021,57(11).e2021 WR031366.

TEZ TR R A(1999-), 95,0 T FEAR A FEREE TR WL BF 70/,
TENFR AP RE LRI R LIRS 1§ jiangjunjie0330@sina.

com.



