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Experimental study of coastal petroleum-contaminated soil
using nano-Si0O; and lime as additives
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Abstract: In this study, the nano-SiO2 (NS)and lime were used to solidify the coastal petroleum-contaminated soil. The effects of
nano-SiOz and lime on the solidification of coastal petroleum-contaminated soil (PCS) were studied through Atterberg limits tests,
unconfined compressive strength tests and pH tests. The microstructure and mineral composition of typical modified
petroleum-contaminated soil were analyzed by scanning electron microscopy and X-ray diffraction tests. The results indicate that the
unconfined compressive strength of petroleum-contaminated soil with 5% petroleum content modified by NS-lime increases
significantly. By adding 1% or 2% NS to the 3% lime-modified petroleum-contaminated soil, the 7-day saturated unconfined
compressive strength of lime-modified petroleum-contaminated soil reaches 421 kPa and 727 kPa, respectively, more than 3 times
and 5 times of that without NS. Meanwhile, adding NS reduces the pH of lime-modified petroleum-contaminated soil and the harm of
lime to the environment. Furthermore, the scanning electron microscope test and X-ray diffraction test also prove that, compared with
adding lime alone, when NS and lime are combined, the NS accelerates the hydration reaction of lime, promotes the formation of
hydrated calcium silicate, and greatly improves the strength of coastal petroleum-contaminated soil.
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FEAFEYHREEL, B ERENEYEEE,
HRLLE 3 BTGB ER K. S5 A
FJRR. AR T TRENH AR, B FE T
R AT g R RE, R ATE R AR R
TAREMEHO T T, U Shah 25U T T VRS e
TR TAEVERT, KIL 10% A0 IK+5% B HEIR+5%7K e
B A ol R VR T g i TG O e Ik B BT A s
Al-Rawas SFU71a ot 45056 & 307K e mT o538 A v T s
LR, BEAKYR S BB, AT e iR
T8 BEIEAC, St /K3 S e BR e s i 2 38 s
Saeid ZEUSIEEFT T s 2= K P Fyg MR [E 16 Kharg
A YR Sk i iy A v e ) - 138 P [ A e A g e i
2, AN 25%7KVe Rl 3%iE MR i = s LI &
FCbl: Karkush SFUOWFSE 1 40 ABE R ik 5 e b+
RIRENE R I HANHE K BT 8 FE P R 3R 0K 26% ~
34%; Ahmad Z5POF) F B AR R Sh/KIE . KU A K
FUF KA Ko b B2 A S A T i 7 % A D Jo 1 43
255 SRR 7K e A0 A 4 B R B A ] Ak T
e, RILEA S R TE T i ATk B T AR A
SR [ T P e FE AR A s AR PR VL AR 2R A KRR
PERICE O R A Qe b i b, R 2 551 R
RIE AN O R - FE IR s s RS P20 Fi e
XA M5 KN T 6% I 2ht 1, ]k [
I L A K 10%+HR B K 20%. FIR BT R B,
IR KT EEAE G EALE AR O S T G 4y
TR, B AN K e 20 33 Bt 5 i,
Xof S R AR A R /K& R — e e . AR, A AN
KV R R B A 7 R S AN AR R & F AR B, i
GO E A G, R, SR B AR BT
HIREE ARG B o R0 b B

BEE DK AR R R, 9K R AE A 46 55
AT AR Hf, 49K Si0,; (nano-SiO,, &
FRNS) BT X AR T S i A3
P2 N AT, HAHHG/D &8 NS 54K E0Ke
WA R RS 4 e A () TG M R A0 e 5 200,
A5 g5, Zomorodian R FH 4R KAA R
B 12%REhE R RE L, KB 2.0%40K
Fitml 2.5% NS MR GTE A A B, H
28 d HTEEE S AN 106.4. 60.9 kPa. {HZHK
LR N NS X A7 75 G4 1 58 B B 52 W /)
Pashabavandpouri “$PSMBAR B Blgh . Rk, %
TYK Si0 B, K H 5 1&g BRI G R A
MGG, AR IR B A R B (1) 5,
I REHE R AT Qe SR E . S T R T
TR, H2GK Si0, 5 1% S [E 46 7 A% 7 i

¥ Y% ] A 28R () 5 M 1 TR R A A

AR SO XoF ek )t el DXV VA S g
KA IKFNGK Si0, AL R 7, LG BR T 58 B2
VB R oxot HE i P R R (U FE b (RIS DR A 28 PR RN 28 1
BECS I U DA DR, pH B AT DA B2 .71
RS ERRE (BRI, FrRALLREIR. %
PEFREOR pH EAE NSRBI T 4EAR, TRITA K. 9N
K SiOx FIGK SiOx-F1 KWK & [E A g A i 4 1
A R, FE R B X SR AT AR R
S [ L8R RO o R 55 225 SR ] A A
T3 EAEN A B BRI SR I EE S IR S5, B
e TS e R AL R A SR

2 IR R Tk

2.1 REAPE
N AEBRIG RE FE o B L M A% 1) ik i e AE
CEMED A6 B B s G35 9 s I
BRI A . bR B SO o I
FERT I TR HEAT SR AL Je 2 RER I, B
WG QR EEALZ AR LS 0.2~1.5m W, #ikEe
M NBEZRETEEREAAE 1 m INK L, 5
SRR AR A G Y A B A A AT
DX S SEBRIE L, AR BHTIT 5% 2 1 A
Y, 9T HBRIAEGIR R AR S B 15
Wi, RGBT A A T P P IAE 20~25 CHE
Mo

ARG A B £ TR ) (JTG3430—20200')
BEAT UL ATk . SRR /K ik e Ay Sl
DASREG FH 1 - ZE B AR AR WL 1, 8 SO SIS
TRBRA o FIF X S28756H6(Xray fluorescence, f&IFK
XRF)IRE AT 1 ik5e H L E A s 0% 2, FILA
FH, WIGH MRS EEE SiO) (63.460%).
ALO; (12.034%) 1 CaO (6.696%). 56 Hr FH A1 Jih K
H LR ARE T A AR, R iR
AORES, REAR B BARIEE R, J9iRE A,
Hrh & ot & 86.58%. Hiyc& 0.11%.

i FH 34 ¥ T4 (scanning electron microscope,
faiifx SEM)F X HF4AiT5 (X-ray diffraction, f#FR
XRD) I8 15 2 5% & it #4544 1 (petroleum
contaminated soil, fi#jFX PCS)FIHMEEH (K 1) A1
WHR (K 2) o B, PCS MIFRLKE M7 8],
FIUREL (B AFAEBR AL, UL 5 kL 2 1] 3 AV
. XRD EERB PCS WA ¥k 5 £ B A 0
(Quartz). Jj fi#tfi(Calcite) FIFHS A (Plagioclase)o
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Table 1 Physical properties of tested soil
A TR R % W R SRR BRANTHE  BUEKE -
XEEE RPRI(2~0.075 mm)  FPRi(0.075~0.002 mm)  FiRi(<0.002mm) /% /% S /(g + cm) /% P
2.71 30.13 63.11 6.76 32.1 234 8.7 1.796 14.06 9.14
x2 RBARILEAER
Table 2 Chemical composition of tested soil
WA g Sio, ALO; Ca0 Fe,03 Na,O K,0 MgO TiO, P,0s SO; Cl HoAhs
/% 63460  12.034 6.696 3.078 2.420 2.294 1.973 1.474 0.163 0.093 0.035 6.280
o MFER 2 3 RAEARER R A S, RS
ZIEGEATHR BAC T keI e R R R, SR

(a) 3000 1% (b) 5 000 %
B 1 5% ERA M5B EH

Fig.1 Microstructure of PCS with 5% petroleum content
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Fig.2 XRD diffractogram of petroleum-contaminated soil
with 5% petroleum content

RIS A K™ E e AR A ], O CaO+MgO
EERRTET 85%MES i A4 KK (CL85-QP) .
K Si0y (NS) 7 H IR B AT AN T, 2%
KA, BEEZERAR, o5, FIRIEHN 15 nm,
SiO BN 99.8% (4fifE) . LR A A 200 m?/g.
HERR B 50 kg/m?®
22 AFEE SRR

WIGH AT B KREEFER. i 2 mm .
AT R R ICECE 5% &3 004 5 3
+, IR ST 48 h 5 AN, SR AAIK
FArmE Gt T E R S AR 5], %
FHE 24 h &M ERFERIVERT, @il o seiAse e
ANF BB E N S R AE R R E K&

Jc il PR $1 & 5% & Cunconfined compressive
strength, fiifk UCS) 1% AAE EHAZ N 50 mm. &
JE29 100 mm, %8S 0.92 AL & 7K %

RHE &, RN 2082 CL MSHEE =95%
bR e N AT IR Eda e KA. Hd, sy
2P 6 d JE IREE B T B K Bef 1278 24 h,
B PR 2 R /KR RRBGAAE R &, XA
Fre (AR TR ) BUESR AR, Xt
TR A B R AR s FA A TS PR PR 5 . A
N R G ERBEERAN, R TRKER &
TR MR CR A 7 B S MAE R, B2
FEEIEE] 95% LA L

fnyl A& % bt (California bearing ratio, & F§
CBR) Itz m i & /KE&FE, 28 (AL Tk
OHFE) BUZEAT, (AR AW Abekd g ili (%
AR F A CBR-1 B & # ARG, W B A&
N 152 mm. &N 170 mm.

SEM {56 % 11X 2% HITACHI ( H3Z) S-4800
AR T B8 B r R R e
PR 3R A G, HiAE 78 R 26 B 979 28 d,
B AR PRI S B W T AR B R AR AR L) 1 em?
MIbRAES AR, 2K A3 23 Bk AR T K 43
HAEH R TR — 2 4R HE . XRD 58 R 5ok
AL 100 um Fii. HEEKN 0.02°, FHITERIMN
5°~45° , I MDI Jade 6.0 244341 XRD IR
5. PCS o R AR IR 77 & WK 3.

®3 RRIFRIMES
Table 3 Test plan and mix design

IR NS & 5/% ARG EY%  FEP R/ d
0.0 0,1.0,2.0,3.0,4.0
1.0 0,1.0,2.0,3.0,4.0
ucs 1.5 0,1.0,2.0,3.0, 4.0 7
2.0 0,1.0,2.0,3.0,4.0 6+1/i&K
25 0.0,3.0, 4.0
0.0 0,1.0,2.0,3.0,4.0
0,1.0,1.5,2.0,2.5 0.0
pH/FRE /K 0,1.0,1.5,2.0,2.5 2.0 7
0,1.0,1.5,2.0,2.5 3.0
CBR 0.0 0.0 7
2.0 3.0
2.0 0.0
SEM /XRD 0.0 3.0 28
2.0 3.0
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Fig.3 Effects of lime content in petroleum-contaminated soil
on Atterberg limits of 5%
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Fig.4 Effects of lime content 5% in petroleum-
contaminated soil on the UCS and pH
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Fig.5 Effects of NS content of 5% in PCS on Atterberg limits
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Fig.6 Effects of NS content of 5% in PCS on UCS and pH
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BRI AR, WM N 3% K5 f T G
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Fig.7 Effect of NS-lime combination of 5% in PCS on
Atterberg limits

Bl 8 [l | NS-AT K ERA X A5 4+ UCS 1Y
. TTUVEH, SAKEEN 1%, AF NS &
B N R ARG A UCS o (& 8@))
TX 2 R RS F - DI RL R RN 3, BRI
b, FRAEVERES, fEAKE ER/DBIKER R E,
WA B AR, SECCENHMAT UCS. HIE 8
WHEH, NS 8 NRELEE 32 m A K R A S
e, 1E 3%fA K R AHTE 34 a5l
A 1%NS 1 2%NS, 544 NS MLt AR R A
M5 YA 7 d MR UCS 20 A3 m 3 5/l s 5%,
FElag 2%NS+H3% A1 KB AT R A5 e R iF,
7 d UCS FHaA UCS 43514 780.93. 726.67 kPa,
R RT K 21 23 B 22 iy Bk BR SR LEURE G 5 BT O oK . X
SN NS 5@ A REAR LU E R IR, 5
T Ca(OH), K4 b K ALRERRES , i $ i+
1) UCS; [Fly, NS NPPKRRE, R, 78
R R R B KO ARAEAGRIER i 1A
IR NS N E B A E 7 A KR
A G G RO TR FLER A, B A S A
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Fig.8 Effect of NS-lime content of 5% in PCS on UCS
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Fig.9 Effect of NS-lime content of 5% in PCS on pH
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FEN ATV S R A TS e s P, R
WAL TR AR BUBHAT 7 oA M5 4 A
2%NS+3% 1 KR A TG gt 2 SRH AR )
CBR R4, 56 25 B LK 4. 3R 4 750, 2%NS+3%
AR R AMIE S CBR (kIR E (A
BRIV MIE)  (JTG D30—2015) B4rHiE (1) %%
SR N B SR TR AR B L R

#F4 HERAHEK CBRH
Table 4 CBR values of typical samples

ZH CBR/ %
VER(: PEE S e 2.67
2%NS+3% A KSR A Gt 33.20
3.4 SEM 7+#7

Kl 10 J2& 3% K. 2%NS LUK 2%NS+3%41 K
A B AT TS G ) BB AR TROKR 31000 A2 5 000 135
PR TGS, BN 3% A KEA
WA REPRIES RS (B 10() » HONA K
IEZKA=), v AR EROR AR ILI, R
IINRFTHEL (B 1D, AR5 4 B s sz,
TARGEES RIS . T RIR RSk B NS,

(a) 3% K RAIs gt (A A BIHBEK 3 000 & 5000 %)

 SEM i

(b) 2% NS MR A5 Yt (2. A4HIJBEK 3 000 & 5000 £5)

() 2% NSH3% A KB E B R A5 et (Fe A 730K 3 000 & 5000 £5)

B 10 NS RAKHRAMITHIE SEM By
Fig.10 SEM images of stabilized PCS with NS and Lime
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o TR R B R B AR E o
3.5 XRD 47r#7

JRRAER XRD FMREE Rl 11 fros. o]
DAE 78 2 RIRIRE b 1T A 5(Q). Tl
F(C)FFHAT(P), X5 PCS 1 EH W sr AH [H o
1E 3%£1 K+PCS FF 5 kil 2] 7/ & CSH, H T4
KBNER, FAKRIE SR R4 g
HATH RS, FrUATE XRD B H A LR BE
2%NS+H3% A1 KER G BN PCS &, KIIEINK /L&
CSH, XtHgk—Pur BN NS g s K R A
TG g AR

so0, PAKE O Q
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B S RGRRETRY 28 d ) XRD #74E
Fig.11 XRD diffractograms of typical mixes at 28 days
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