doi:10.3799/dgkx.2026.041

HREI AR H RNB G HEBAT AR

BRokam !, SERY LY, EEA L, ANERS Y, REDT!
1. R 2 ER A 5 TR, YLI5 R AL 211100
2. ARSI R KGR 5 R B R SE I = R B @, VLI AT 211100
PR wmuaaprEJEKARE (DNAPLS) R NIEFE J5 2145 BAG R E F (15
BRI S ML 2T MR X 5 e S R A e . SR AR Sy Y
DNAPL, PAPE B Hr il F A RS Lo 2 AL i, R 2 BRI IR B & =l
AN R N IR 8] e U BAE PR B 7 Ak S 2SR B AR S & PRy B
FHENBI RN, TRANBIEE 0-0.375 (N SRR E 2 FFa%, 0.375-
0.750 Yl [H A SRR L 2 ETH&E S . RET R LS53R T IREI NS FEE 5 I
K FHiaH, (AIKBIE AR, ARRRIGER G SRR AR R RN R
3.51%, AN 24%. B RNBAGRERLRE S, B, EHRELETE
T TR ELATE F 42 1 36 SORLEAN [R] 2 ) VR FE RIS B A 43 A
KRB JR: BRNE: RRIER: TEFEEE: SR
T 73255 P64l Wk H#H: 2025-12-24
Effects of freeze-thaw cycles on the transport behavior of Chlorobenzene following

spontaneous infiltration

EEWMHE: EBXERMSEIEESEHFETH 42402254, HFR @ RBI IS EIH
42272278; L7348 HARFEIE ST H BK20240190
YEE I BRoko® (1993-), 5, BHEEFFA R, Ht, EBENFEMTKERER KB
W7 EIWEFE TAE. ORCID: 0009-0009-8951-6532. E-mail: ygchan1949@hhu.edu.cn
HEWIEE: ER, B, R, WMELATIW, WEHTREKCHT . T KS %
i3 71%. ORCID: 0000-0002-5155-0710. E-mail: douz@hhu.edu.cn

1



mailto:yqchan1949@hhu.edu.cn
mailto:douz@hhu.edu.cn

Chen Yonggiang', Dou Zhi!**, Wang Zejun'2, Zou Zhihan', Zhou Zhifang'

1. School of Earth Sciences and Engineering, Hohai University, Nanjing211100, China

2. Laboratory of Groundwater Protection and Utilization-National Key Laboratory
Cultivation and Development Site, Hohai University, Nanjing 21100, China

Abstract: Elucidating the re-transport patterns and mechanisms of dense non-aqueous phase
liquids (DNAPLSs) in the vadose zone after spontaneous infiltration and stabilization under
freeze-thaw cycles is crucial for the remediation of contaminated sites in seasonal freeze-
thaw zones. Chlorobenzene (CB) was selected as a typical DNAPL, and silty clay from the
Sejila Pass in Tibet was used as the porous medium. A stratified nuclear magnetic resonance
(NMR) technology was used to quantitatively test the CB content at the vertical spatial
location of the soil column after different infiltration times and freeze-thaw cycles. Studies
have shown that as infiltration time increases, the concentration of CB decreases in the
dimensionless infiltration depth range of 0-0.375, and increases in the dimensionless
infiltration depth range of 0.375-0.750. The freeze-induced pressure generated by freezing
drives the downward transport of CB after it has stabilized, but the driving ability is limited.
The smallest change rate of CB concentration after different freeze-thaw cycles is 3.51%,
and the largest does not exceed 24%. During spontaneous infiltration and freeze-thaw cycles,
the interaction of capillary force, gravity, and freeze-induced pressure controls the transport
and distribution of CB at different vertical depths.
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H T A A 7 @R i 3 ok B B AR KA A (DNAPLs) ittt
RN R K 2 A 2 M UR () Bk (Essaid er al., 2015; Mao er al., 2016
Cochennec et al., 2022). &K (C6HSCl, CB) &M ZHT&RZ. BRER. 94
ORI A P2 PR A IS, K. H Rk 3R UR Y b B LI
AHIG G Z — (Reneral.,2022; FRFIHSE, 20250, KIEAR SR 200 A G
JRARIFZI, PR L LR PR #0 8 R G g% RS (Page et al.,
2007; Omirbekov et al.,2023). 1ER—Ff Tolkgl 7= 5, S &l & iMitE . dE
A GBS R g N LB R G, BILEM TR, SOK% DNAPLs 7L /) #i
BAERAIHER TN M N E 03 (Luciano ef al, 2010; Jti/MES, 2012;
Shieral.,2023), EX—IBRPIABHKANE, HIIFABEINGSEES KA, &
L TE R — AN IATG YU, RRES Yt T K

TSI AR RIS B 52 52 4 2 MR RE 42 ], 1T I i A X 22 FLA 5 R AL R
CERIFIK I B U GRS, 2017, THER24%, 2022; iEfE A%, 2022; Yang
etal.,2024) . FEIRT + y LLIANFEAAR I X, AL 48 W 52 2= 71 1t BB IR R A ) R i)
(Singhetal.,2011). RREMEPR BT SAE 3RO EER . K I3 RIAR A5 20 A1 SRt —
W IAGIX LS YIS B BN A, RN FE UK E B8 O A2 i LB KRS 4t
PR SR ) R 4 DA B Rl Ak o A A 2 4% 1 7% 42 (Camenzuli and Freidman,
2015; Xuetal,2021). KUk, REMEI 2 8% SR RIEAFLRREE . FLBRIEEMEAS
B, BRAERG RV ZEM A (Leuther and Schliiter, 2021; Hsieh et al.,
2024) . SR KAH R G VRS BB AL AR 2, R T I SR IR K

FRVBAA R BRI TS ARAT 2 FE 0 BE 7T, JeHARAE B R NB R » HAT0R 734 2 25 5
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5K A AR SR fE AN S X WA A B R EE, PUVE R ABE T it NE &
TR R B0, TR RRIEIA T BE S IR TE IS4 . T MRSURAE B RS o 0 R G FA
M Lot - U e iE s . PREAGAZ SR SR DA S e I AR A S i R R L

H1F DNAPLs e N2 BIHIKIREIK)Z, R I R A0 73 A (it 70 32 24

il

PRSI B (FEES, 2019; Shietal,2023), t#HEEZ T, XHEHEMANH$

el

DNAPLs (i # #1531 RPEHD o A AN AR 958 B ¥ 7> DNAPLs, #23|K 857 b e
fEHI, Bl DNAPLs ¥ 8t ZE 47 (Winter etal., 2015; Silvaeral.,2019), Boh, 4
DNAPLs MAEMIFIH 8 8% BARAAT IS, A7 2 — 8070 e AR H 3 R rh KW B, P
JHT TS G (Shieral., 2023) . # B8 LEIEVIANHT H (1) DNAPLs LAFR B8 18 A0 1)
EAAFAE, I HewT DLE I 35 K S5 20 AR A £B) - (Qi er al., 2020; Xie et al.,
2025), A, 1£5 DNAPL A P4 B A& 2 v, B5TAEHA 4 DNAPLs fig#
MG3AR T TRBT LT K5 BeAME i Gtz 8 8 2L

A 28 )R AE R PG A B ARAT AT JC ik A1 S Bty e A AN [ 25 () o7 L ) S AAR )
A J LA, R, V)R E MR € ERIL B R R P S B A EN IR
NG T AR R (LE-NMR) & —FpaEfiditE. Poid B sg R ER,
J Nz BT R A A R RS 2 AL T PR 1 B A 43 A RFALE (Dillinger and
Esteban, 2014; Tian and Wei, 2020; Chen ez al., 2024; ZREZESE, 2024), HoKi%
¥ 2 F F NMR BARBE TR R 5 2 FLA B h A IS B R o0 A, 45 R, At
T NMR #d5, wLUE &0 A SRR IR T A & A0 AG (Liu et al,
2021; Weng et al.,2021; ZETHE, 2025). 27)Z NMR J7ikA0 DL 25 18] o Rt 1
A AN FR N AR & R AT E B, 1T RRE BRI SR AENE 5 Y]
UR A, T RENS I AR R A A T 1) 5 26187
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AT I B E PR TE VR G PR X JE 1A 3 b EOK B R N B R TR I Zh RS I8 B R4 AT
TS, I B 80 0 A% (SE-SPD) 51, 5 B ML IS [R) N3 Ik i) 41 v
ABIRURELT L3N [ 2 ) PR P P PR SR B R 0 AT o U4, S0 MT T VR ARG 3R X SR
F R NIE 5 3 0 75 () 38 B Ry A IR S ML AR o ABIF S04 J8 T % b R K V5 e LK
NI B2 5 VR RE 8 R AR L BB AR, 5 Xl T /K95 e I8 4 1 B e A
W F S T HINMER 2%

1. MRS 75
1.1 FEmAESR

FA TR R MR 22 LA BADRE A 35 56 e I 8 = b Ll ROk B 6 L, W HCN
4300 K, FIFHHCRESENS T HERAE, HUREERBE IR LT 50 mm,  HUREHI T 7R 135
NI, 2k PR L AR AR 1, ANERACRR 1 R B b i B AT AT i s A
JiRZE AR AR A o R BT K LA 1 AE 105°CHEFE o T8 12 /N JE BEAT AR,
SREH I 2 mm GRS AR . ARHIE AT P R SR K B R R T A RS
BRA R (AEEE>99.5%, Jo/Kg), SRS AR EE 7358 1.107 g/mL 1 0.799 mPa-s

(20°C), FURKIZBILIRAS 5 BRI IR A DA R, HLACR L

>

WK N T B FR ISR A AT AR, AW SR AL R s 4L
15%) VEZKA, EA S AR AR SR SR b, BREEIR N E 12 SR A B B A%
WEFEIRAE S, TOIRIX 7 ERAK G 5, Mn® A] DLW BRACH o &R 7 IR R AR5
‘5 (Chen et al., 2024), XL 1 AZHIAR T ACIE U5 5 HORE T8O, B4k,

Mn*" SHEHEW A, BASEma LS AR TRt R A (Hueral,
20200, BAh, EGREEI LR, RIKGKEE B SE M) Mn® R AEE A A

X EBRAL RS 5 BHERA BEIE G2, DRy Mn® A RAE /K, B0 A1 IR 398 0 7K i
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R 1 AHE T AR oG I ERAE

Table 1 The physicochemical properties of the silty clay used in the study

LR FREE  BRESE  DaEE Dio Dso Deo  MEFi LAY
(%) (%) (%) (%) (mm)  (mm)  (mm) (%)

43.55 6.44 60.84 32.72 0.00333 0.0151 0.0382 73.67

N T RRZHEAAR 7 BT AR 25K, it T DRI iR, AR RE 1A
FONEWU R N (B, BEIERE M =R RS N EAR 25 mm, /% 44 mm (]
la), RFEAGA T ERUIIRE S B TERA IR R (18 ¢ HTnz
—HTRFRE, JFE5EMEBER 3.5mD MRS HEH 12h, REKIREED
JREAFEME T, R EEIFEUGE TR E AR, (A NE IR I A i, L AE

EIKFEN 19.4%.

(a) TR
i
-10°C
o
-20°C
Y
(c) PRI A @ 2RI rER

B 1 ke R e

Fig. 1 Soil sample and test equipment



1.2 A RE5PR

S, A PRGBS\ B TR ) 4 1 IR R, DB SUR I A
SINBERE, EANFER 25mD J5, SCRIT B PR s, A5, REEEAE
IR IR S N AL SR BB 3 A o AERRE I TRNTATRR (0L 204 40, 60 90,
120, 180+ 240 1300 73%t) Ml SR K 70 E LIRS S, WK 300 20%h )5, Kike
e, LSRG ERNE, 1200 SBE, BUOIARE S, JRESRIDRAT IR
FREAEFR (FT 0D JEMNRgs R TREERME, MR UICRESIRR ML) 20 7
b, AL AL BRI )T R P, ELASHIE 8 A e i RO S NSRBI D,
3L 300 Z RN B R HE AT R R NBIMEER, JE Slin gt RAiiEM 71X — s
BJS, KRR BT R IR RS AT R AR IR (B 1o), WRESHTEL (4 /N
IR EEBE N-20°C, REALINBL (4 /D) TREEVE SR (2 20°C) . AN SR FE S 3L
BEAT T 7 IRURBROEIR, AL A ARARRIEA B (%8 1. 3. 5. 790 5, dEid it
PRIAE S, DU IR RO PR IR 5l T A 7] 72 1) oz B 1 S8 Bl 43 A7

A AR DA FH PR 180 62 25 M G130 53 BT SRR AT B 2 B A 7 (IR A A L 90R 1k
B HT (345 MacroMR12-150H-D, 1% %055 NMR R4t Hdi-RES 51T R4
DK G M6 248 (] 1b). NMR RS AFEIRLEE . AR c MRS, NMR
ARG EBESEON: B7RE 03+£0.05T, k& B EA 60 mm, SR 13 MHz,
R B TCHR E 32 4£0.01°C CRAF=ARRE IR « B RAES 70 R G0 TR AR 1)
St TR )P SR A6 S8 pa s, Rl B ARG T R S TRIN R)) 43 Af ith 2K
FR G FEE 2R et S A ok et PR SR SR IRCAS [) 24 [ 5 B 1) A 5
1.3 AR IEHR B 4347 52

VRN — A PR TR 75 3%, R IR I GRS T AR IR IS, S5t
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B I e ERALZ AL B oK il A AR S E YRS R 5 KA (Rao e al.,
2019). WRIERDZHIIRIE, S5 TmESFEMRAETS TH R RE8E R,

PRIt SRR SRR & BB (B 2), B TR 8] 7 5 AR SE 78 (0] B LA
H2% (Coates eral., 1999). B 2 SR &RKIAI G HAZWLE SomE 2&MR R, AKX
WS 5 o AR R AT AR SR AR AL o ARAIE 7T R F e [ 38 5 kB4R (SE-SPD) 7251
MR b AN R 22 (87 B R SR A% AR5 5, SE-SPI 3 81I4E 90° Bk Al EE —4~ 180°
ik Z 18] AN AR A g B0 L, B SR RIS S B & A R IEE A TR 5, il
Ao 1 B AR ] AR E Ok B AN RS B AL B RIS S, RS B A

Y CPMG (Carr-Purcell-Meiboom-Gill) 7> FE i

25001 o i

W& ek

32000}
8
%(1500-
gp
51000

511000

y=306.7952x-5.2913
R*=0.9996

500

0

0 2 4 6 3
SRR (ml)
2 RS T o B S SRR R AR SR
Fig. 2 Correlation between NMR signal intensity and the volume of chlorobenzene

FEARI Y, SE-SPI PR i & | Z BBk 7 1), #iAEAR SE-SPI 31K 2 £
oy RISCE TR R B (FEE 7)), F IR I A N5 Vi P SR R 3 ik
5T R, XA SIS OL T, AT LUE B E 2 LA i SR ) [A) 1S A
o N TSRS R TE, SE-SPI MALEFVERE (FOV) MK TE%ET

FEERSTI 1.5 45, BEAN 75 I TR) F 6 ORI E, ASHIE 7 mh R e 42 5 1 7 7]
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1] FOV W BN 66 mm, ZHCN 13 )2, HAEem 59 8 ) (K 1d). A7+ SE-SPI
5 F B EAESHNER 2 s
7% 2 SE-SPI J3 41| i) £ B HAE 25

Table 2 Main operation parameters of the SE-SPI sequence

ZH SE-SPI
FHZ (MHz) 13
90° kM BEE (us) 12
180° ik 8 &£ (us) 23.04
SERFIFIE] (ms) 6000
R 8

(e A K 10000

[B] IS TE] - (ms) 0.18
FEAAT YRR A FE 7 17 z
MEFVER (mm) 66
JEH 13

2. R 5w
21 NBEBRHAEERRERRSHAR

AT B ERRE R MIE AR, NBIRET RN, B 3 4T
FEA RN B I 8] R 2 NIBR B SRR A AR, TG B IRIE 0.750-1 Z 1A
BA SR, X2 T AR NSRS A R ST RR R, A2l
A T i BT AR CRMMERIEIRGE 5) SRS ERIEL, T (H 5BIARESL
BREAZREL: X FARMM BN, T EARKASL LR B S 0A S =
Ky ABREHEAE SR AR TR B MRA & &. HiEl 3 TT i, BEE NI (] (INT)

XN, 0-0.375 NIBIRE NEAESEIZH N4, 0.375-0.750 NIBIEE N &R S =18
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B BT A RAEBEAN NBIERE, 0-0.375 NIBIRFEM SRS #6241 0.375-0.750 ) &
XA AR T NBR 22 2 BB ER . A2, NBIREERE (0-
0.125), T» W7 & B N2 I [A] [5] 22 mAs . NIBIREEBURRS (0.625-0.750), T i
¥y (3 B B 2 NVB I 8] [ A e, IR B AR A B AL T &R & SR, T (E
PR GORFTAL AL BLAR LAl , R TFR .

180 180 180
(a) INT=0 min (b) INT=20 min () INT=40 min
160
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& £ £
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L3 @ o
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g 3 3
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Fig.3. T» spectra of chlorobenzene at different infiltration depths during infiltration
AT TG AT LU [N VB IR FE SRR BE B VB I (8] AL, A A5 5 5
FEH—Ak, BIARRINBIR RS S5 (M) LIRS S 5E (Mo). Bl 44H
TAFINBRE T @RS RSN, B’ 4 7T, NBIRE 0-0.375
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108 R A SRR B BN VB I 8] (R 6 0 52 R R3S, TR NVBIREE 0.375-0.750 i N SR
IRERE B I (B 3G 0 &2 BT . SR, RIS R) 40 708h e, SUORIREZRIZRAL
R FEAR /N, SRR R RS o By B LB 400, (E IR KA SRR S5
KA AR AN Z AL T, BR8N RE ARG IAFIRE, AR BAER Ll
AR IR . NBHXTREE, 0.125-0.250 F1 0.250-0.375 345 B BE AR,
0.375-0.500 1 0.500-0.750 R BE IR FEAHIT, X RHERNBFE—ERE e
BT A, SORKEEEBIRNFE FAENBIRE 0-0.375 WL 0.65, 7£
0.375-0.750 W2 0.35, 1EBLHIIHIBRE] T SRR 2 B e AR AL E, Jf HAT A
& AN A N IR VR FE SRR (AR AR 22 57

T2 Bo0-0.125  [IN0.125-0.250 [N0.250-0.375 0.375-0.500
N 0.500-0.625 [0.625-0.750 [M0.750-0.875 | 10.875-1

1.0}

0.2738 [0.2583 I 0.2560 I0.2532 0.2537 [0.2520 [0.2488 [0.2451
0.3539

0.8

0.2079 0.2059 0.2037 [N0.2050 |0.2065 |0.2002

0.6

MM,

0.2720

0.1956 I0.1957 J0.1957 J0.1965 J0.1970 l0.1965 [l0.1902

04+ 0.1994

Vi A10 Y ,) = 5
M 0.1256 IO 1411 0. 1411 [J0.1410 [E0.1421 [ENO.1427 J0.1433 J0.1427

0.0105 [0.0390 [J10.0569 J0.0601 [ 0.0605 J0.0596 [ 0.0596 [J0-0622 [l0.0627

0 20 40 60 90 120 180 240 300
INT (min)

0.2

0.0

K 4 ARINBIRE EORIK RS 8] )22 1

Fig. 4. Change of CB concentration at different infiltration depths with infiltration time

11



2.2 REHIRE) T A F IR E AR AL

K 5 g5 T AN RIR B E G SURAE AN R 22 [m IR B 7o 3384k, ANIE 5 AT R
B, RAME PR S AN R 3 IR B SR T 1 I W T AR AT AT B 3 R AE W AR AL,
ED SRS 8] A A T B8 . Z AL B B TR G K K 2 7 AR R 45 5 5k
77 (Singh et al., 2011; Yao et al., 2024), MW T H K NBE G &M% 117
i, SARHRKAEEE. THRAEH, FEERMIGERIEEM, 0-0.125 HRER
SRR, T 0.625-0.750 VR BE W TTAIIG N, BRIL,  RIAT A U R MG 2R K

ENEIAK B

(@) FT0 [ ®FT1

100 TR AR

10! 10" 10' 10° 10 10" 10" 10! 10° 10 10 10° 10! 107 10!
T, (ms) T, (ms) T, (ms)

(A Frs 5o | ©FT'7

80

HH(au)

BREY
P

0 boeoavesveronsnervertoonresdds k. 0 3oood g 25080000000000000000009|
107! 10° 10! 10° 100 10! 10° 10 10° 10°
7, (ms) T, (ms)

K 5 VRERIEIAE HLE AN [F) 3 A1 58 5 0 SR T 1%

Fig. 5 T, spectra of CB at different vertical depths after freeze-thaw cycles
N T N E B B I A AN R 225 1B A7 B S OR IR S R R RO, 2] 1 AN [
e [FR . M/Mo BEVR R RECRAL AR . AL 6 RTLAE HY, FiliE VR RMIE IR K
RO, FEEREE 0-0.375 WHISEAIKE 2N, IR 0.375-0.750 NHIE

FIRE L ETHES, Wt WoRRAIEA IS RORIE® (Fueral, 2023), LEXR
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PDUNTEFEREE 0-0.375 Yy, TEFALE 0.375-0.750 3900, {H ARk s s
IREE —E £ R, HXMERZAWERME. £ 3 4H 1A ZE R R EERK
FELEAS [F R RAE I IR BUG AR AR R AL (FT0) BFARALER, o] DU HAS [F) 2 [ R 5
SRR P2 AR A 26 B 5 VR T PR B B T 384, A [0 VR R B B R SRR AR
WARIEA R R B B IR 25, 1 HAS R R RAE A 5 SRR B AR A e /N

K124 3.51%, SKAIAN KRS 24%, X UEHIRBIEM N SR PSR & B2 0, (HIK

—t
Eﬁﬁbj7¥§5ﬁo
T4 0-0.125 [ 10.125-0.250 [90.250-0.375 [ 10.375-0.500
T )RR [0.500-0.625 [N0.625-0.750 [0.750-0.875 [HEM0.875-1
EQ o i l . . .
=

FT5 FT7

VRRRAEI KL
] 6 AN[i] 38 17 R P SRR IR P BB R R A ) A2 A

Fig. 6 The variation of CB concentration at different vertical depths with the number of
freeze-thaw cycles
FR B RNB WIS AN SR G 5 10 IS 82 AL IRATINGR 73 SR T AT
NEIERE, XA REECRE AT AL R B2 5. XTEEI 3 AT 5 FATTRT EAH

REM, AEEBRNEN DT T FHRKEAL 100 ms T, MG e
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K Tl T W KBS/ T 80 ms, 2 Ul SURAE H K NIB I 73 A0 I FLAR 5
BOR, VREMEFR A/ T ORISR AT G o [RIFEH, XFECE] 4 FOE] 6 nT LUK IR,
SR H R NS AR S S 2 5 LSRRG I 5 K, 31X U B VR B 24 a] PR
HESUOR AR AN 13 214k

3 AN 2 1) R PR SRR A 1) 78 A 8506 VR AT AN {0 8 ) e
Table 3 Response of the rate of change of CB concentration at different vertical depths to

the number of freeze-thaw cycles

TR A PA 0-0.125 0.125-0.250 0.250-0.375 0.375-0.500 0.500-0.625 0.625-0.750

s %) (%) *%) *%) (%) *%)
FT 1 6.36 9.90 3.51 8.79 17.75 4.01
FT3 7.18 11.19 4.40 9.43 18.78 10.26
FT5 7.86 12.67 5.24 10.47 18.16 19.23
FT7 10.06 14.21 6.38 14.73 19.19 23.08

2.3 HREMEIRIRSI NS 5 RAE SR PB4
AW, AN PUA R AREIR R L, KRN RAE S DNAPL, /K. &
o BRI IRIK YA B, BRI ASTIE I 2 AL AR R ORI A L 2R AR
{AH, DNAPL HEIEYES T /KA 0] . IR Z FLA B, B4l Ak )
BRI ATH A 2 REER, & OVARERA ) 5 IR AR L 8 Z1E
P, =P,, — P, (1
Ao, PoedRIEIRAH-JE A L EB4E ), Py, R AREEARARIE /), B, 2 R AH AR
J577. BATIHIRN FE G FUBEAR A BUETRAE L AR ST K 79 ST AR R B AR

Ry MIAEABEFC, A0 /7 32 2 R D9 A AT
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FE7K-DNAPL-T = AR F oy, 7K AL S6 I AL 2 FLA BUBURL R THT, R 31 2 b 30
KL, TR E BRI (HRIEEEK) . BRI, ZAN R KRERR, K
A b oA AR B/ FLBR A, T AE Al RO FLIS R 0 23 41 %5 DNAPL #1745 X, (Schroth
etal.,1998). M F2XME, DNAPL MIEMRHAE, Foo A MusLEE S, 1=
S ARTER K IIFLERF (Molnar ef al., 20200, RIBLAE S K REARMZ AN T F, A
T A 1R o #r . JK-DNAPL- R =4k R 7] LAt E 1F DNAPL-T M AHAK &, -
DNAPL L BN/ 535 £ SHAL (Yao et al., 20260 FEAHEFE HM} 5 B 1 105 7K
I 19.4%, I HERERNEZETH T RE#E 24h, FIILAHE 78 197K-DNAPL-
=R F AT DABAI Y DNAPL-U AR &, 8 50 & b A AR TR FE 2945 T DNAPL (1)
YR
2.3.1 FEEHRANETEE BB

SR HRNBERR AR FE NSRBI EEZ 5 2, HALBR G B A AR R,
T ULAE AN R NS IR BEHAEAEAR [F) RN FLBR o BRI, SR T A 80 i Hb 48 7 SR 3 ) 2
[EIASAL B, (RS RO EARAR R, 2 AL SR ERR HER A, ] 7. &
FAERE L NIBI e FZ B H S E S (pVg) MIE47) (P HIfEH, Bond %2

—ANEENSH, W TR T2 TR AL SRR Y 7 2 18] (AT X B -

14 ApglL?
P, o

A, ApREAFGEENEEZE (kgm®), gREEIEE (4 9.81m/s?), L&
FAEKE CRBE IR AL &R IS EAD), o RIITK ) (N/m). FEARRFTL,
WA FIEE BT DNAPL FIUEFIEE, 4 DNAPL MIESEAHAR ARG A, T K
% DNAPL A £ #1532 /3 V-, Bond Hi/5i& H -

NBVIH, B B NS IR SR ARG I BB B, FENBIRE 0-0.125.0.125-
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0.250 % 0.250-0.375 Y[l A, SUCAS IR FE B CIn &l 7a), HH IS SCR O HRLAN B2 A
L SERTEIX L8 NVBIRE N BT I B0 705085, 78058, BER Bond $OK T 1, &
JVMREN AR R T8, 17 EL AL 3 W] DA HH A R A sy R, SR AR A R i E R
X AT e T EOR P2 10 5 0 50 i HB A 5/ o WA SRR (HIAIRE) IRk,
SORFTRZI BN SN (Fuer al., 2023), EIR/N, BiEEsiEar, SKmER 27
3B BURERS P47, H e AE U (8] 60 23845 , AR N2 IR P R SRR FE AR A FEAR /N
FENBIRE 0.375-0.500+ 0.500-0.625 K 0.625-0.750 JEHP, SEEMMKERML (nE
7b), XFE Y TR A SR T2 1B i, HIE, B Bond BUMNT 1, 2SR
R, REIE TSR, KUk 0.375-0.750 N BT B0 Bl ¥ SRR 5 140 44
m, FRE, BEESRIKEE (AT AWign, SR Z B4 o, =88,
P BT, SR 1) 52 3 B AR X P o

(a) RIIKSE (b) RS

- YRS+ - O KR H

B 7 NB R P AN R SR 1 52 71 DA 7

Fig. 7 Force model diagram of CB at different concentrations during infiltration
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2.3.2 RBIRE) T /AR BB RS

FHARNB LB AR E ARG, T2 R 0-0.125.0.125-0.250 [ 0.250-0.375
(%6 52 BRI AR 250, DR 4 /N FLIBR AN - 00k 3% T ) /KM R AR A A, 3L
KNS CEL®),  ATSEAFFLIR H SR TR R b, T2 (KB40 7798/ (Wang et
al., 2021; Fu et al., 2023), MWAMEGRE S BH @R LIRS TSRS (Py) IfE
F, 552 3 IR 0-0.375 MEREAIE &, MK E SRR, FILEs
52 1P BT SR T2 o6 T 28 [ E 0.375-0.50040.500-0.625 /2 0.625-
0.750 HFN = p BT & SRR LRI, 11 BASRES h B /K 3 UK, TER A I 2 R
AN LA MR LR/, VREE TS T 1A 0 B 1 AR 4 B AR SS, R R
RN FRAREHRMIEHE . B4R R NERBEHAE R 28 MR 0-0.375

HIERIR FE I, 0.375-0.750 FIERIR SN, BlRmE i T &M EE THiE .

(a) FIKIZ (b) fRIKSZ

O vias (R o

B 8 R IR AN R SR 1 52 7 DA 7 ]

Fig. 8 Force model diagram of CB at different concentrations during freezing process
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3. &g

(1D FEEKEAFE AT, AR LA R NBIRE sh SRR 1 A A AE B 2%
5o FARNE RS AR AR ARG L S R I R N IR B R e RS, NBRE G
0-0.125 IRFEMISERIKFE R K. BEAE NIBETEBIIG I, NIBIREE 0-0.375 &R
W R TS, TNBIRE 0.375-0.750 JGH N EORIKE 2 s, HHARAN
VBRSSP 1) AR e P 2 e [ RE A 35

(2) WREE R FUREH SR 4, Fid 0-0.375 Fi RS &R R AEFHK
B8, BEERRIE BN, FIIREE 0-0.375 WINSURIKE &R IE&%, i
TREE 0.375-0.750 WIISEARIKE & EAHES, BIVRRMEIA IR E KRR Nigk. AR
RPN, RPN JOR PR B RN, HIRBNEE A IR, A ERRLER 5
SRR AR/ 3.51%, B KA 24%.

(3) HRNBHGMIEARSRE S, B EIRRE SR M B S
SRIEARRE R EZRIER . NBYI 0-0.375 ¥EZ A Bond $AT 1 RSN T
2%, HREORITZBM S EI AR . HREAGTAE R ARE 0-0.375 B4
(IR /N DA R VR 545 5 T A P AR R SR 4k 1) R g R, P TR AR 0.375-
0.750 VRJE, PRESTE 5 A X B )P B E 2 BRI S BRI F) B3R

RAVEIEHE.
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