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Study on chemical compatibility of amended cement-soil vertical cutoff wall
permeated with heavy metal solutions
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Abstract: Cement-soil vertical cutoff wall is extensively applied to the remediation of industrial contaminated sites, but its
impermeability needs to be improved and also the chemical compatibility under the effect of high concentration and toxic heavy
metal contamination needs to be studied. Through laboratory tests, physical, strength and permeability properties of different
cement-soil vertical cutoff wall samples based on different mixing ratios of GGBS (ground granulated blast furnace slag), bentonite,
and curing agent were studied. Considering the quality of the vertical cutoff wall and economic cost, the curing agent dosage of 20%
(the mixing ratios of PC, GGBS and bentonite are 8%, 8% and 4%, respectively) was validated as the optimal ratio for the amended
cement-soil vertical cutoff wall. The chemical compatibility of cement-soil vertical cutoff wall materials under the effects of heavy
metal zinc and lead pollution, in terms of hydraulic conductivity, is examined by a flexible-wall permeability test. The result shows
that the decrease in the impermeability of the cement-soil vertical cutoff wall under the action of heavy metal solutions is jointly
dominated by three factors, i.e., heavy metal species, the concentration of heavy metal, and the pH of pore solution. The adverse
effect of the type of heavy metals on the impermeability of the samples is in this order: zinc nitrate-lead nitrate solution> zinc nitrate
solution> lead nitrate solution. The hydraulic conductivities of the samples permeated with different heavy metal solutions are
between 1.49 and 10.10 times that of sample permeated with tap water and increase with the increase of concentration of the heavy
metal solution. Under the premise of meeting the requirement of hydraulic conductivity, the amended cement-soil vertical cutoff wall
could barrier 50 mmol/L of zinc nitrate solution, 100 mmol/L of lead nitrate solution and 10 mmol/L of zinc nitrate-lead nitrate
solution.
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It 25 ] 5 G B dpl it el BUSRE F AT
BN KEGRBGE M, HEA SR ™ E
Y E A GG RN R i, EEJRE.
YT Y ) RS M i) BEL IR B AR A Sy — i BE %
HFAKS EHIERIER I TR, RIS IR
PRSP B TR i, M (e R
EH N BN i it —. BTk
T RIS B i THAR R EHMEZ . i T
P/ R, ELR I O (BN R R A
HEEZ, RUHRE B fE R T RE 218 F KV & B
%i%lz[S—S]o

O = H X K R B B R AR LG Hb
TKMEH N HRBE R R T o, M T R
WA KB, SMBHIFEAIS SRR
s, (HHEPIBMEREIE fritiE . Opdyke Z5MIxt
W BB ENKE L IBIER AT TR, R AT
TESARA E KRR & LG, (RS RL1I2IE R 2L
K, 1H 28 d W& HIBSIAM RIS IE R B ARISH]
107° mis. iR SR 02E i et K e - R i [ 2 R AT
R, WNMKEHREES—EREE, i
& A B R PR e L REFEERE

K8 R B 25 15 1 A4 2 R 25 MR AT 9 DA R RS A4 k)
595 G A LA BB R PR s oy B, T
W Ca?*. Mg?*. CIm. NHs*. SO 2551 LA M oL
FE HUER 20 KUE L 7K AR KA SAFETE— 58 5%
Wi, FLAEF R S@E R AR e O 2 B A9 13280,
ARSI T EEJRIEW (Pb. Cd. Cro*4)
R 7KV 2R B 25 5 v B R S22 i i) 5 2 17
WFFINR, BEIE R KK e R B RE X Hg. Pb.
Cr. Cd SFH & & 5 4L FH 3 Aeis 31 95%~99%.

i 7k B A P i B AR IS M A3 T AR AR K YE - 1
AP B AR Kamon PR AR IR T
10 mg/L Pb(NOs), A1 7.13 mg/L Cd(NO3), {EfH FH
B-IK V- LR B RSB R . (HIX L ST Rk
Z XA [FIHC B R AR 7K U8 2R B8 B S A R vk RE A
BRI F R A 25 AR A 1 () R G

AR SR = (GGBS) B
Wi LB a5 R K Ve R RS R AT
P, Rk i R BB AR R . RO G BR 1
Bobt, TEHIEAL PR E S EAEH T AT
Wy, BHHMMESEGRY) B 3D (EH A
MERSIERHE R EAR N, B ARz
KR

2 AP Ay ik

2.1 MRIEAMR

ANl o = 3V A D W A e PP 2
, R IEPE R R PRARYE (A B TR )
(JTG 3430—2020) M5z, H3eAHxt B R H L
FRVEIE, IBERR AR R A R PR ORI 12 2%
e, BRI BT R FRLEE 3 B A 2 . 7KYE (PC)
NUFIRRE 42,5 B RERR £ /K VB, GGBS Jyin r {H AT
IRA T A= 11 S95 el s, g+ (B) NI XTI
TCFERKMR A= N T a5 3 i . 44
BHOEE A F IR AR (A M+ TRI e )
ASTM D4972— 192451 ASTM D5890— 1821l 52,
WFE 1 fion. KIE. GGBS A+ 1)t R 4
PR X SR e e, HEERWE 2 .

ARICR RS EREE . I BRETRTRAE A 2 1
e e PR - VSR A= 25 il s 2l s e a2 T E Al
AR I A B A PR ISR E (PD(NO3s)2) 7S
IKEEEREE (Zn(NOs)2:6H20), 404l (AR)D.

®1 REHLHAMEE L NEAY RS

Table 1 Properties of soil and bentonite used in the test

e R W R WIRw, R we

[ZiS iR KiAE M1 %o

YRR BKEI% (g em®)  HE | % 1% & P / (mL - 2 gt) Zh4(<0.005 mm) #}41(0.005~0.075 mm) #2%1(0.075~1 mm)
dFE 24.7 1.95 2.72 343 182 170 791 - 13.35 81.20 5.45
figiE -+ — — 2.64 2703 330 2373 10.13 17.3 — — —

e RARTKEE. B, LRAEXTEEE . R IR, MRS (AR TSR pH {(H23% ASTM D4972—19; IKIE¥Z% ASTM D5890—

185 KIARIIAR I B IR SCHOGHLEE T4 o

£2 WEAKIE.GGBS FiE L Ab 2 B4 4 R (AL %)
Table 2 Chemical composition of cement, GGBS and
bentonite used in the test (unit: %)

#E  Si0, AlLO; Fe,03 CaO MgO P,0s SO;  HAh

Kie 2523 11.03 3.02 4835 — 6.33 4.01 203
GGBS 32.83 10.34 2.03 4129 1140 — - 211
fiZiE 1 6343 17.88 2.06 222 305 — — 1136

2.2 KR AR R ES S A LT L AR A% T v
I GGBS &, B E. HHFBE 3
HAR B /K YR R BE B BE A Lk AT oo, 3 3
H, AR EE 3 Frn. 81405880055
0%-. 5%-. 10%. 15%J% 4 F GGBS # w175,
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i GGBS & 5 2 ARG eSS 1 AHili
it GGBS &AMl i T, EHL 0%. 3%. 5%.
10%3E 4 FiiZiE LB R ITIRE, & BmEE L
i DRFE AT ARG 3 H R A AR LG
(PC:GGBS:B) A%, 2 3 4LikI6 i AZ 1L 715 &,
&R B EL B & . TR ARG KV R A
¥l (GGBS+PC) [MEBEIN 20%, 46 /K K HEHL
05, FpUEFRYT GIREEHN 20 CT+2 C, MXHEEN
95%) 28 d Ji7 HEAT FL Mt BEVS I A0 A o M PR T % 5
FEIRES o FEPEREZIE IO AR (A 26 1 TRI0 AL )
(JTG 3430—2020) 2347, AHKKiBIE R,
RIG L 0.1 MPa, /KAIBAEE i 4 10, JEMIPRT
JEARIARYE K k5 777%) (DGI32/TI 154—
2013) [POIgEAT, RXFENEAE 5 om. = 10 em (1[5
FEAR, kB A8 58 2 1%/min. 7K 28 % k] [ B
BRI FLER 2 n THE N

(1+ )Gy,

e= OBy g (D
y

n=—°_ 2)
l+e

b e EPEALBREL: o AREEE KSR, HvRE
W8 A AR AT, KIE sy ikt
HEE, o I R AR i R AR R E
G, AIFARXTE L, di R B AR 73 A AR X 35 L
LSS SN

K3 HWHKERBHENIEALRATR
Table 3 Ratios of the amended cement-soil vertical cutoff
wall used in the test

filtZ s  PC#E GGBS B&E Bz P
1
1% /% 1%
20 0 5 —
) 15 5 5 -
GGBS B &
10 10 5 —
5 15 5 —
10 10 0 -
. 10 10 3 -
3 mat 3y
10 10 5 -
10 10 10 -
4 4 4
6 6 PC:GGBS:B
8 8 8 =1:1:1
10 10 10
ER &k 35
4 4 2
6 3 PC:GGBS:B
8 8 4 =2:2:1
10 10 5

2.3 ALEEAEA MR T

2 R 23 1 A0 1 DX G S K T &R B
SREATRL, 8 e RS IE I IR TR A R
B SR 2 AT YA E R BB % R A AT AL
AR ORI N TR RS S AR 4
RETHE. FHEZE AR ASTM #7E
D7100— 11y J732: 3 kAT, 1RFE SR LAY B
KH ERIK, MR RS EEROT R KLBIE
I, HEE R I A N RV R T 28 TR K R
il 2% 1M A, AP R R AR - R B VAR P R IR L R E
WY SRR EIRE . EERE R AIFEANE R
4 fn. tEEEZE R FEH 0.1 MPa, /K7)
BEEE 104 50. BRitBI2E REIh, &EERE 7~10 d
BT REENBIER, IRE ERIEEN BT
BIEWGIAT pH AE I E o

R4 HSRBEWERMER
Table 4 Properties of heavy metal solutions
TR EARIREE VARSI IR oH

TR

/(mmol - L7Y)  /(mmol - L)
10 1 6.65
TR 50 54 6.34
100 103 6.28
10 9 462
TR 50 51 450
100 107 422
10 12 5.32
TR - TH IR B 50 48 5.05
100 102 4.90

3 W45

3.1 Bi/KUE R R B AR LRI 45 R
3.1.1 GGBS B &5

Kl 1 28 d N AN 5] GGBS 5 &% /K e 2 1% Ji1] [
SRR R LB R M. AT L, REE LB R
BI1E 0.32~0.37 2 [i], AEFLIR 2 HE GGBS B& 1)
REARWEIC. Bk, GGBS AHAREFLEA B IFHY
HREH.

K12 7y 28 d If GGBS # B A A A EHE I R 3L
AT PR PLE S BE I s2m . AL, 8N
GGBS X /K Ve 5 B A B B R 3R Tt o UFE 5k & bl
GGBS B M mymi g, (H 585 1Y K 103 B 7
L 24 GGBS BE AT 10%I, #EFE & T T,
GGBS #7r # 48 PC SZELBEAM B} 38 B2 35 KA A
TILAJERE: OGGBS HITHM Sty 2R, Fiki
B m, AR SR R SRR s @KTR
KA AT LASRAE GGBS JKAL T HAH AL 55 (Ca-O
. Si-O LA AI-O ) P B IR, HoK
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PP KA FERR TR S (CASH) FIZK M A 25 eI 78 51
RilE FFLER, FFEBIBEAEIER, Bemuliemam e e,
@GGBS WGk —FE 58 LBk R B, MIfiHz
LRy SR EER K. T2 GGBS BRI &, 1F A
RN PeA 2 LMETFATE GGBS /K4, 53 GGBS
KA IR IR, UK TP,
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Fig.1 Relationship between porosity and GGBS
mixing ratio
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Fig.2 Relationships between UCS, hydraulic conductivity
of cement-soil samples and GGBS mixing ratio

WEEBIE R0 GGBS B = 3 i £ &
& b, 75 GGBS BN 10%0 H I £ /ME
(1.26x107° m/s), HiBiE Rl PC 4bHE
iR FE (GGBS &N 0%) BFKT — M ER
(1.22x10° m/s), HImfkT (AEvmbik TA Y,
HETREEARMTE) (CI 176—2012) P HE
BB ESR NI (10° m/s), [Hik 10% A # it GGBS
SE. AL, fE&EM GGBS B& T, fii [
GGBS+PC {F Jy 3l A W4 Al 0 R0 SRz A1t T 5 g £
PC. MMM L, PUEREHF 7 ECIL L GGBS Al
PC HIKILF=H OKACEERRES C-S-H. #5814 AFt
55D IR B IE TS AR FLRR, a9  RORE [A] f B 4
YER, TERCE SR RIS5M, TN AR 72 &
#. 24 GGBS BN 15%H, 1BiE RZE K 1 5 A
Al fESE GGBS /KIATE A EY, TEACKIER R, ke
FLEER H #43  SURE ) GGBS Bk iz iz, §3

TR K

7% [8 3 SE byt T 2 DL IE R EUE A 145
il S8, B0 B 25 B Rt S s o8 P B Xof 455 A i P 11
BRANE (WHYE CJJ 176 —2012 FsR iS4 kR ]
FRPUE S E AT 150 kPa; TRD LA R 28 d i
FEAMET 0.8 MPa), 4 Fl GGBS & i FEH AT il 2
SEFEEESR, Nk, KH GGBS &4 10% (Ui
PC: GGBS=1: 1) ik ss FakAT T30 rlse .
3.1.2 JEiE L e r s

Pl 3 4 28 d IS AN A F 45 6t K e R B Jh)
B BFREARLBR R s . BT, B I 1
SR, KFELREAN N, L5 R 5%
JEaT A, K 4 K 28 d I i 145 B R A k)
TeAM PR 5 P AEIE R sEA . Bl I 15
BN, WA RU TR PRI, Y
i BN 3%, RE o FR T e 5 1A 3| e
o HUERTIL, &SIz £ (<3%) XHAFET)
MREA — MRS RIS IE R E E B
HEBGIMA B RS, BIETHEE CJ 176 —2012
HHLE BT ZE SR R IR
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Fig.3 Relationship between porosity and bentonite

mixing ratio
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Fig.4 Relationships between UCS , hydraulic conductivity
of cement-soil samples and bentonite mixing ratio
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RNITEER, ¥ PC:GGBS:B=1:1:1 FR Ntk 1,
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B 5 N FRP A A 28 d AN ] [ AL 75 R K IR
F2 1) B 5 B B AR LR e . | AT I, A
20 1 FREEFLBR SR AE 0.337~0.390 2 1], ksl
2 WIARFEFLBRAE 0.342~0.400 2 7], [FABET,
PRk 2i 2 FE LR AR R TG A 1 Hikke, X2
FoNRIEA 1 R giE LB sERE, (LR
REK. PARFE LR E M PC+GGBS &)
S8 T 328 T PRI

K1 6 2 28 d By [l 44551145 o0t B AR RGN BR 4t
JESREERIS M . HE L, FBE T, kA 1d
AR SR TR 2 Fikke, X2 AR 1
SER A FEORE G, H A R 58 52 2 b
PC+ GGBS &= 13 inifi tF+ .

B 7 N FRP A HA 28 d AN [E] [ AL 45 B R A
MAENSIE REREm . AT, IR 1 R
BB RBURLN TR 2 30k, X 5% 1
i 5 e R A . 8 PC+GGBS 5 iy m] %
fIRPLIEZH 1. 2 PIFPTC LG FADEHESIE R4 (BRIE

411 PC+GGBS 558 N 8%. flt ik 41 2 ' PC+GGBS
BN 8% 12% [ AAHEIE 2575 6.38%107°,
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HERRIX 3 AHACHE .
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Fig.5 Relationship between porosity and PC+GGBS
mixing ratio
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Fig.6 Relationship between UCS and PC+GGBS mixing ratio
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Fig.7 Relationship between hydraulic conductivity and
PC+GGBS mixing ratio
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32 MEMHAMRRER
321 EEEEEM T IsERE

TH R B I WUAE T AR I2 1 R EORIS i
pH A BERT R AR A a Kl 8. 9 FvR . WIURBIE
Wi, 203 /B AIREEBOR, B IR KE KA
(S MO E R FE i (pH BN 10~12) . 24353iE R
WA 7 d 5, PR IE REORWRRE, BT
pH {EZW 21 B 4 JR I pH 18, RIS IE R 3L
H5BERMNEE BRI RIEL . R TR T
WA 10, 50, 100 mmol/L i, REEZIE R %)
WA 2.93x10710, 5.16x10710, 1.73x10°m/s, 437N
HRAKAEH NS IE R 500 149 5. 2.63 f5H0
8.83 1% . H:Af 100 mmol/L iR FEHI1BE R EGEH T B
BERTIR (10°m/s), RNEEHIBER.,

10—7 .
—o— Zn(NOz), # 5 4 10 mmol/L
= —o— Zn(NOs), #<J% 7y 50 mmol/L
T, 107 —— Zn(NOy), # % 100 mmol/L
£
B0 -
NG
AT i N N 4 - =
4 10} _
o - - - BB ER ERR(K=1.00%10"° m/s)
— — ERIK(K=1.96x10"1° m/s)
10—11 1 1 1 1 1
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VB R E)/ d
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Fig.8 Variation in hydraulic conductivity with time of
amended cement-soil vertical barrier permeated with zinc
nitrate solutions under different concentrations

14 ¢ —o— Zn(NOz), ¥y 10 mmol/L
—o— Zn(NOg), i % A1 50 mmol/L
12 | —a— Zn(NO3), #3100 mmol/L
— — 10 mmol/L ¥ pH 18
o 0l - - - 50 mmol/L A pH 14
- e NN 100 mmol/L % pH {l
=
6 __________________________ J
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B9 AEWREHEBREEBRIER T SEKIERREEM R
RS R pH (BB R 2R L iE 5

Fig.9 \Variation in pH with time of leachate from amended
cement-soil vertical barrier permeated with zinc nitrate
solutions under different concentrations
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SERRRE AR H T H IR 7Kt — 2 KA
g, FrLOKELINEE R BRI EHER . x5
M T BN A 5[] Zn(OH), £ PHAS R = 45(C3S)
FIERTR =45 (CsA)E— B /KL S 8 /& —EU .

(2) BEEZEEREAT, AN pH EA
W B, I FART R B AN W A AR I b
Kimgsia, EEARREFERKF S, LERAR
rEL, RN ERALBRRE K, REOLEE REUHE .
3.2.2 EEJREMER TBE R

TE R AE TR IE R BB W pH
R (R ARk A I 104 11 s . IFREE R
AR S5 A IRV TR B & T (A —
H. BERKFFLLT d 5, AFEREE REuE T
SE, AFEIEIE RS V505 T B T AR B Rl
1EEE. 10, 50, 100 mmol/L FIRS ER A VA AT T ik
FERIBE R B 0N 2.74x10710, 4.05x107%0,
6.43x1070 m/s, 435N ESRAKAE I FRFREIE B2
(1) 1.40 5. 2.07 5541 3.28 fi%, 3 Pk E N5 A%
BET BB ZE R TR,

3x10°r —a— Ph(NOg), # /¥ J9 10 mmol/L

—0— Pb(NO3), # &N 50 mmol/L

. —&— Pb(NOs), ¥ &9 100 mmol/L
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Fig.10 Variation in hydraulic conductivity with time of
amended cement-soil vertical barrier permeated with lead
nitrate solutions under different concentrations
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Fig.11 Variation in pH with time of leachate from
amended cement-soil vertical barrier permeated with lead
nitrate solutions under different concentrations
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BT (P?) SEOAFEPUSMERE N BRI R
FEH LA I :

(1) Pb* il ik W) BN BRI B e fE C-S-H
Ji B A B A5 26 T % F% C-Ph-S-H ¥t 12 A1 Ca-Phb 457
A, M C-S-H BERASIA R RINK T, RIN
Xof 7K PR KA S5 N7 F BELA A R 140441

(2) Po** & 5KIBH 1) OH KRN, THFE
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Fig.12 Variation in hydraulic conductivity with time of
amended cement-soil vertical barrier permeated with
lead-zinc nitrate solutions under different concentrations
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conductivity of amended cement-soil vertical barrier
permeated with different heavy metal solutions
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