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Effect of curing time and lead concentration on mechanical properties of
lead-contaminated soils stabilized by magnesium phosphate cement
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Abstract: Magnesium phosphate cement (MPC) was used to stabilize or solidify lead-contaminated soils. Unconfined compressive
strength test, permeability test and leaching test were conducted to investigate the variation of mechanical properties of
lead-contaminated soils treated by MPC under different conditions of curing time and lead concentration. Results show that the
unconfined compressive strength increases significantly with curing time, while the hydraulic conductivity and leaching concentration
change oppositely. The unconfined compressive strength and leaching concentration under 7-day curing time are satisfied by the
regulations. There is a threshold value 500 mg/kg for lead concentration in terms of its influence on unconfined compressive strength
and hydraulic conductivity. The unconfined compressive strength and leaching concentration increase with the lead concentration
before they reach the threshold value, while the hydraulic conductivity changed oppositely. MIP test results show that the total void
volume reduces as the curing time, the total void volume of soil reduces as the lead concentration before they reach the threshold
value. SEM test results show that a larger aggregation formation, with a smaller void space in soils as the curing time increases. More
obvious aggregation and cementation occurs in soils space as the lead concentration less than the threshold value. MgKPO,-6H,0
(MKP) decreases the pore volume of soil pores with the diameter larger than 0.1 um, so as to affect the permeability of soil.
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RS T e, Kk, R e e
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LA A B S5 g bz R AR — R A B
2z N, TR RS SRl S A E 4
@A, RIEBNENM . KRB E 5 g L A A
PIREERRAER TR R RTHE T, Al AL, B
S SRR RIT o« iZHARAME R T E4 R
VYA B, T HLSEER T E AR s g R
ORI, BRI RN F A

FURT, K 0 0 ek 2h /K U [ R S T4
JeE T G b )RR T R S AR AT T iR 2
Fo Li ZEPER KL S HY 1 000 mg/kg (11754
€, I RRI: MK IR 10% 20%-
30% I, 7 d WA EAL LR VT IA 1.8, 4.6,
5.7 MPa, {HRHIKRE 0 44, 23, 8 mg/L, 3
TR A RUERRAY . Yin 2ECLRAK YR AL B 5
HY 25 000 mg/kg M54, g R KRR
T 50% 1Ak 1, 7 d W5 AT ik 8.7 MPa,
HR IR S 8.2 mg/L, T2 H 2 Ashrifk FRAH
WA AR KU 46 5 HY 1000 mg/kg V551,
RIS R K INEA 5% 7.5% 10%IH,
FL90 d W A4k Lo B RIA R 2, 41 5.5 MPa,
EN SR =gt aem s AR | i P W Yo e P
W A1 7SR P K R [ Ak & 2 000 mg/kg V5 4+,
RIGLERE: KT INEA 12%, L7 d BB
Ak L3RR 0.3 MPa. ZKJB AL 5 75 4 1 B AR
ARG 1tk 2= A s KRS e v . AR U (6 7 2
GERErE, (UKEAEAF EEESRNEA5ES
BTG Gy, R %, S s iR

H AR R i TR Y e A BRAE SO B, phAh, KR
A BAT R RE . mTE AR DA, A AT
KRG IR 2T 2L [ A AR Ak e
Ab 5 H AR E SR v i

DLk Bes b (MgO) Rl R — &1 (KH,PO,)
N E B R BEK e (MPC) BAT FL i MELr
gD T AMELE RIS ENAE S T2
INAARR Ry =:sst vip SRR % SN AP LA Sy T
MgO Fil KH,PO, 58 % 75 LU KAk Je 3

MgO+KH2PO4+5H20 = MgKPO4' 6H20

AR R BB IR £ AR (MgKPO4 6H,0) 24
TRARMBER D W, KA. e Fa
EMER, B MgKPO, 6H,0 (MKP) HRHER TIK,
FLA AP s, n UK EE S A 4
WEESEE R Har, BN MPC [k E
RGN E B OGE T E S B L SR
AR PE . Cho 25ULR T MPC FLRE® A 10
663+562 ng/kg 754 1, 455K, 28 d F-¥id
[ Ak, 132 R B AE 0.1~4.4 pg/L. Zhang Z5"MSR
MPC [EFaAb I 2 554 me/kg IETTG A1, X 54k
T4 (XRD) R REH, FEEXD N
MgKPO,6H,O 1 Pbs(PO4);Cl, & i idE W], Pb
(R IR B /N T 0.42 g/L. Du 28R A MPC 4b3
VS I 1.3%H1 2. 4% s 31, ¥ R
XKW, Pb Al Zn KT 0.1 mg/L, XRD kI 4 RE&
By, EEAERYA MgKPO4 6H,O. Pbs(PO,)sF .
Zn3(POy),*4H,0.

[l 4k LR R CRREEREtE . BB R
R VPGS 4 E s g LR R e kR
BV RART, o P Bk b B 5
G, SRR D oS 4. HarE WA
[ 44 - () 22 A A B T AR ) ) S A SR RO
B Akt 0 S A E RN g Kys K AL
e s [ RRUR TS S BRI NS I R 5
ANF 107 erys; SR HELHEII AL B ARUR VS S LI
S [E 2k HAE B B K T 0.35 MPal'®l; BE[E Bk
28 d 5iE AT 0.7 MPal's 75 FEL 2 20BN, A
PSR LR Tk 3~5 MPal'™, BE[E TR 7 d wRpE
BARFFIAE] 4.5 MPal"™; 3 B PR (R3O BE R Ab 3 )
(1) 4 B V5 g L2 W W R AE 5> B A Pb
(5mg/L) . Cd (1 mgL) . Hg (0.1 mg/L) . As
(5mg/L) « & Cr (15mg/L) « 73 Cr (5 mg/L)

HAr, % MPC AbBEE S )& 53 L [E R ERE R
WO HEE AT RIS, GRS TR BeAH
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AHEEN TR . O THRW] MPC [ 46/F8 et
G e 1 [ RS B AN SORLBTL I PR A R, AR

UL MPC [ A4/ e A5 1 B 4 s 4 H oA
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[l A4 T OU 5 AL AL BUARE, P R ] o L
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Table 1 Physical and mechanical properties of soil in tests

KA R T . W L LK AR Al %o
TKE PN I;;f BRT 3&“: R g R TR LB KE — ﬂ{l/ﬂfﬁ :
/% / (g/em) / (g/em) /% /% /% [ ki Fiki
20.78 1.85 1.72 2.72 0.74 41.6 21.8 19.5 3.45 62.27 3428

2 IR A RS TR

2.1 BB
2.1.1 +

TR A BT R BR TR AL, JE TR T
Fito WEHE A 60 'C FHET 24 h B=HE, #
PRt 2 mm FREFEU R LA, 1% SR
VR TR AR LR 1, LB 2R T VR €
TARK 7 dhsvE) BY, dr SR i R A o sk
2.1.2 MPC |4

MPC HEE4H 135 MgO 1 KH,PO, 4% [ i &
11 RARAE AP, R R MgO
FH 3L T8 W T 2R SR KPR B s m B4, 2l
W N 1400 °C, iETE MgO & KT 98%. Kl e
MgO FIRiZE 60 ‘C T 24 h J5 540, i 0.074 mm
5 o M4l KH PO, Hi [ 24 45 Ik 2435 4 PR
aalArE, A FETASAE 60 'C RHET 24 h J5 BE 41 .
2.1.3 Pb 5 4%+ il

BT, By 2 mm 0%, BUR R A .
] L FAR I Pb(NO3),, 2 E TS 34 5000 mg/kg

(FEL , HFFER 525 BIECHE R 04 500

1000, 10 000 mg/kg 54 1. Hr, 500 mg/kg
oy B L A 5T R — bR (Pb<<500 mg/kg)
5 000 mg/kg K FE Tkys Yl 4 Yt ml 5
i 2729, kB PO(NOs), 15 5 Y A i A2 K 24
Pb(NOs), RAT R il B CRUR I BH & & a0 1E)
HASIRIR A 1 YE, KA RN TR NP, i)
153 I ZE AR L5 KRR 19.5%, FEEH
A S, THARUEFR AT (2042 C L RSE 95%)
i1 10d, 1 Pb(NOs), 5+ [N 7857 .

2.1.4 WRFEHI%

GBI IS 2+ MPC [, 250K 7
S EFEIS) . MPC [ Ak S 0 ok T b i 1
50%, KM 5 L A7 A BRHRA WEAT B

(10+£0.1) min, [A)dLromZEmK, MRE L O
bb, ke (ARG 3D ) o 0.45 TERek . ¥
Ve oy 3 JAEIN AR G5 3R 39.1 mmx80 mm,
50 mm>50 mm [ [EFE AR B, SRR & 02
WAL, JRBh AT 7350 48 Hz
F10.5 mmeo BHIRFER B EEARMETRA S0 N GREE

(20+£2) °C, JBSE>90%) FEH 1d, ARJGMIEE,
IRFEE B EAEPMETR AT T GREE (2042) C,
WE>90%) 43 HFRPT 3. 7. 15, 28, 56 d.

2.2 RBIE
2.2.1 A PRSTH ES:

T BR PR kS (L TR ks
AEY BU, SRS R T IE IR I ML A A PR =) 2B
] WDW-20 27 ik Be AL, oA T8 39.1 mmx
80 mm, R0 Ik FE A 1 4R 5 I AE 2 mm/min.
AR TS 3 K, IR L5 RO .

222 BIEAK

BERK TS KR EERRL R
ASTMD5084-03", #1450 mmx50 mm,
K FZEE HUMBOLDT /A w4771 HM-4160A
INEE L REBIE (U ATIBIE R . 3FF Bl R 4
7t 100 kPa, {FESEIIAFE, By b . X6 T
HBIEE N 80 kPa, EENBIELN 0, FIEHIE
25 Co WAFF R JGE LA R A P 25 30 min, 15
HEKHEAT 24 h TUORD, FHZEM/AKIEATBIENR. i
KR, RS 1 h il ORI, %Lk 4 R
BN, BB REUNARVERIE 10%LAK, Hirk
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i 41 Pb 3R ARG R I 2 B S [R5 A
#E TCLP J59ER7, FRECRAR/N T 9.5 mm (L1
WORL 100 g, BT 2 L 3O, FeE ey 20:1
(L/kg) THEHPraEmSIR HRAZKE % 5.7 mL 7
FrafivkBEIR A 1 L) MR InAREER], e
I e e AL PR #s b, TN 30 r/min,
23 CF4&% 18 ho R FLAHIPER X TR AR
HEATIL3E. Pb W R SEE PerkinElmer 23 ] [
Optima 4300DV 2 F JRE & 55 B 144 RSG5
(ICP-OES) lifF, HFAMASEL 3 K.
2.2.4 TR

MIP iR AR L FLBR gkttt K
FEY Ak N O HUBE T, AT T A T I ) 4
1 e’ (/MR B, SR B R TR AR R4 T
AbEE, SR SE B RS A\ 4277 1K) PoreMaster-33 7Y
A AFERBGETER (MIP) R5%.

SEM i#: AHRTT AL LI R ), K597
P Ak AN BT AEREIRAE AR 1 em AR
251 em’ [/MRBR, {5 BRI R 96 h, B
JEXHAET IR ECAS 12 he R EFEIEIAREA R L
7=1¥) Quanta250 14 H T WA BT HEAT SEM REG

3 WA RS0

3.1 GEEFRE

FEP W HDOT [ Ak, - B i R s A G 1
P, Ak 1) MPC 8 N4 50% - 7K 1 64 0.45.
i 5000 mg/kge A1 AT BURIL: BissmfE
BE =S IR 3G K, 7 d 8 ST ] 1 i i
S BB R N, SepR TRMEE R, AR SEhr
TOUEBER AL E 70 G BAEIED o K 1]
ISR, 7RI (<7 & , PR
SN, FEPR I 3 d B 7 d N, PuEREE
M 0.21 MPa #4/1%] 0.36 MPa; {EHKF=PE I
(>7d) , PRGNS, 17X 56 d PrIEsREIL
B KA, XK MPC IR AL FIK i 3 7 B
— AP, PRI (<7d) , MPC
RINATSY, BRI MKP A, ik 2 i)
Bhah MR 2, KRR LRy AR B i =0,
WOAE 3 d RIS, [ PR RE RN . B
FEP R IR I, MPC 7K RN KA I N AW R T
PR TR Z I MKP. 6T R 2 [R] (RIRR 25 7,
TERCT R UF (B JE gl ey s [ 44 - 3y sl b R T
HFE S N3 RGNS 7 dINF, 0 R RN B

TERKM TN (>7d) , BT MPC [RI7KffAl
KA S N 3E TSR ELA A5 1, MKP R R0k 2 7] £
Sika TAOE , MU R g Y. D,
£ MPC [T et TREN AN, N 787 2% g7
P MPC KA N5, & B PR TR e
W, & MPC R .

| 0.35 MPa

PUEREE/ MPa
=)
S

0.15: %

B 1SRRI UR R I
Fig.1 Effect of curing time on unconfined
compressive strength

B 0] MPC [ 44, 1470 Hs 53 5 S mi e dn ] 2
FiR, 4 MPC %S insh 50%- FRi Ay
7d. KR 045, MK 2 iTLURIL, M S EA
Ik 500 mg/kg IF, AT R AT £ )3 i 4
e MEE R 0 H9INE] 500 mg/kg, BURGREEM
0.57 MPa 3411131 0.62 MPa; 44 & & #id 500 mg/kg
I, U R RS S B N . METE =M
500 mg/kg HHNE] 10 000 mg/kg I, U 5REE M
0.62 MPa J8/M#1 0.31 MPa. TEJFKAIR: Pb X}
MPC [R)7KA S NAFAEIRG FHE, 4 Pb 5 SRR (/)
T 500 mg/kg) , Pb —E AL En[{iEidE MPC 7K4k )k
Vs Pb 7F MPC KAk S B H& B R P A 55 T 2E il L
A — I 4 I G & B BRI TE W
xPbOyH,O, M5 T ROk al &5 E T, Ibin,
A HAT R s s s Y Pb SRR s, —
J7l, Pb PHAG T MPC KA/, BEK T MKP ]
A, BRI T A SCR, 53— TJr T4 Pb 5 OH
SRR AT IR AR [PO(OH)G)> s §944 T R0k ] 1)
A, BRI A 1 i T, MKP F1 Pb IR
I (0 1 FH A OB s i ] A Ao 4, T E 22 0
R SRR R 2 . XY Tashiro TN
Stepanoval> [R5 45 LA — U . AL T MPC
IKAR SN I FAE A 500 me/kg. {HiZ I FLAE AT fE
5% MPC R INERIZEY R IR0, Bricka 2P
WFFLR I s K YR RN £ Bk i) [i) 25 405 2 o () 184
b, Pk, I FHYEREE MPC 7SI 5
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Fig.2 Effect of lead concentration on unconfined
compressive strength

3.2 BiERHE

TP WO Ak 1507 2 A R R a3
P, Ak 1) MPC s N2 50% - 7K 1 64 0.45.
i 524 5000 mg/kg. MK 3t LIRR], [k -+
B REE TR 0 W . IR
M3 d sEnE 56 d W, [ BIE REN 2.2x
107 cnv/'s 18N 3 8.3x10 % em/s. ZEFRAP AT (<7 D),
i 4t 19838 RACR F vk, iR K. fESR
PRI, MPC KL= s =z, BHiE T [k
T INFLBR, A7 BB T ALBR I BOm P, [
BIERZE W B MPC /KA N 92
gk ziitese, Wt 1i3iE 2EEA K,

25r1

ERBY (107 cm/s)
—- ™
(=) (=)

H
[Ny =N

w
[
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Fig.3 Effect of curing time on hydraulic conductivity

By S0 MPC 16 3208 RECE w4
Fizs, WA MPC Nl 50%. FR9 R0

7d. KR 045, K 4 BIR, Bl HYE I
I, Bk -5 IE R AR SNSRI
B 0 W3 500 mgkg I, 3% RZH 5.0%
107 env/s W80 3 3.3x10 emy/s, YA M 500 mg/kg
HINE] 10 000 mg/kg I, 3% RZE 3.3x10 e/
BINE] 3.4x107° cr/s. SRR R : S48V S B
fiIF, Pb AT —EFEE FAEHE MPC KA RN, AR
W2 MKP 7838 T A6 1 F0BR, B T [k 1
IBIEREPE: 1Y Pb SRR s, — 5T, Pb BH
137 MPC /KA RN, FEIKT MKP AR, #9007
TR LB, 7T, ARRINV MPC ROk
T BRI R S5 VE T, B T SR A
WAL BB R A K. ANFETES R MPC 1Lt
BIE R BN AR R —DUF B T 8T S =X MPC
KA R NAFLEG SHE, RI2A 500 mg/kg.

4.0
ar W
=z 3.0F
g s
c‘o 251 —&- 0 mg/kg
= —— 500 mg/kg
= 20F —4— 1 000 mg/kg
= —— 5 000 mg/kg
& o 1
b 1.5 —<4— 10 000 mg/kg
“’,@ 1.0} v\v—%—w
05F © Bl . -
0.0 L
0 2 4 6 8 10 12

I )/ h
K4 SEENBERBZE M

Fig.4 Effect of lead concentration on hydraulic
conductivity

3.3 BHRHE

FEP I DO A s R RFPE R e R A an ] 5
PR, Ak 1) MPC s N4 50% - 7K 1 E A 0.45,
i 5000 mg/kge AT S nTRURIL, KR
BEFEY RS WG DTN, MFRPRE I 3 d HEn £
56 d I, [P ETRE R BE AN 8.5 mg/L 1/ 3]
0.8 mg/L. TEJRFUWIR: FEA IR I3,
—J7 1, MKP A #iig ok, MKP i g4
¥ Po [ e fE HLE08 Mk gk, 55—J51i, Pb
5 PO} Al OH B i Lt 1 FH T i T i
JEMIBIRET R S A 2R D0, BIKT Pb (MITH
PEEIOL eAh, MKP RETHAE T 14k A LB,
BEAIC T AL L I FLBRAR R, BEAK T Pb (% X
o MBS ERTLAMGE], fEgidaiil (<7 &, [H
A R IR B BRI, TRy E ] 7 D
AR, HAE 7 d BB IRENCN



2120 b +

b 2018 4F

1.75 mg/L, & TR 22k, 78 MPC [ 1L
V59 TR I, 7525 FE IR I T2 R 1)
SN, NARYE TREMSERRIEOL, A BIERETRY ],
ASCHFFCRIR 7 d o8 H ] £ 352 R 5 Rl 2 A 5
GANRME

i

37

%’:: smell

2: |

1' 7% 7 ) v

w
~
w
I3
= R
W
(=)}

B 5 SRR R

Fig.5 Effect of curing time on leaching characteristic

B ot [ L R FE IR se R W ] 6 i
7, A MPC R INEL A 50%. FR968 124 7 d.
KALER 045, B 6 nTLURIL, HHHREEREY &
s, A S 0 B nE] 10 000 mg/kg
I, AL A TR R AN 0 39 E] 2.43 mg/L,
{32 R FE T3 Y 2 Ashn i) X2 AR
BRI Pb FHLAS T MPC KAL RN, FRA% T MKP
AR, ST AL RALRR, SR T RSk,
BT MKP WEA/EH A PO« OH VLiE/ ALyl ft
F B R T K ¥ A B 1Rl TR BT R0 & 4R A S 2R L
JE1, il Pb BlAk, FRE T P TR E. XKW,
5KVe ARG AAR L, MPC S HTS 3 1
HAT T [ A 3OR S R R R AR e g, HA
CHFFER I MPC A5 A H 7 P 5 G - A W0 e 1) [
AR

5 mg/L

0 500 1 000 5000 10 000
By E R/ (mg/kg)

B6 WEEMNRLRERRM
Fig.6 Effect of lead concentration on leaching
characteristic

3.4 BOWERHE
3.4.1 fLBRE 50 Hr

FEP I DO A PRI 23 A s KA G B 7 B
N, [ MPC S INEA 50%. 7K EER 0.45,
e w5000 mg/kg. B 7 HFLERR /N RIRI 4 2
Horpibulsuk 25515 H ([ 4k - FLER ) 23380 LA/
T 0.01 pm ML CHTBINFLERD 5 0.01~0.1 pm
Z I LB CHREa]FLBED 5 0.1~1 pm [FIFLBR; 1~
10 um (IFLER; FLARHEEE 10 pm (AL B 7 7]
LIER], BHEFRP I 3 d Bz 56 d, [kt
(IFLBRARIN 0.256 cm’/g I/ F 0.142 em’/g, HAL
AT 0.1 pm FLBRAATRRAR AR, ML T
0.1 um [FIFLBRAARIE N . IXFR ] MKP 2 e
FLARRT 0.1 pm FIFLBRAARL, XN T 0.1 pum (1)
FUBRARRI AN, PRI 4 AR O 45 4 56
E T FR4 08 D0 [ Ak - (93 3B R 1 1 S i R AEE

030r <0.01 um
0.01~0.1 pm
0251 B 0.1~1 um
= 1~10 um
E3>10 um

020 F

e
=)

0.05F N

7/
N\

0.00

3 15 56
Y d

B 7 SRR FLBR A

Fig.7 Effect of curing time on pore volume distribution

BB Eo0) [ AL L AL A e R ] 8 B
s [ MPC R INEL A 50%. FR968 124 7 d.
KA 045, MK 8 ATLLE S|, M4 &AL
500 mg/kg B, [k LR AR BH AT 2 (03
Mk, BEEHS R 0 BE 2] 500 mg/kg i,
1k - R FLBRAA T 0.281 em’/g #/> 5] 0.277 cm’/g,
HALAEANT 0.1 pm FIFLERAARFVEEAK, TfLAE K
0.1 pm L BRAARRR /N s 244 5 = I 500 mg/kg
(R R o W S50 AL iR A == o T ) 11 P i 55
B Er s\ 500 mg/kg 4 NE] 10 000 mg/kg i, 4L
LR 0.277 em’/g #n%) 0.032 mY/g, H.
FLAR/NT 0.1 pm FLBRAARVR AR, TR T
0.1 pm [FFLER PRI BN, X R AT =0
MPC KAk s N AEAEIG B, G T I SHE I, Pb {2
#t MPC /K46 ., MKP AR %, MKP 7831 T
KT 0.1 pm FALBR; HBEEH SRS, Pb B
7 MPC KA, &R RFLBRIE K. ik
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