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Influences of spatial variability of material properties on stability of
embankment filled with cement-stabilized mud
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(Institute of Geotechnical and Underground Engineering, Huazhong University of Science and Technology, Wuhan 430074, China)

Abstract: The application of cement-stabilized mud (CSM) as the filling materials of embankments mitigates the issue of local
scarcity of ideal filling materials (e.g., sand and gravel) and allows significant volumes of unwanted mud arising from dredging
to be disposed economically and ecologically. Nevertheless, this artificial material tends to show very high spatial variability in
engineering properties. The high spatial variability can produce substantial influences on the stability of CSM embankments,
but is not well considered in the conventional deterministic design method (CDDM). In this study, the statistical information of
the engineering properties of in-situ CSM is first identified, and the random fields characterizing the spatial variability of these
properties are generated. Both deterministic and random field numerical simulations are then performed to analyze the stability
of a number of typical CSM embankments. Special attention is paid to compare the difference between the CDDM and the
random field method. The results show that the effect of spatial variability is significant but not reasonably accounted for in
CDDM, very probably leading to unsafe design for CSM embankments. Finally, an empirical formula is proposed to describe
the relationship amongst the safety factor of stability in CDDM, the embankment design parameters, the coefficient of variation
for CSM strength, and the reliability index. This empirical formula can be adopted to equivalently characterize the influences of
spatial variability on the stability of CSM embankments, without changing the framework of CDDM.

Key words: cement-stabilized mud; embankment stability; spatial variability; random field; reliability index; safety factor

0 3 Bro XA IRIER TR T BE R R, el
MR AR X AR R B D EA R E R g BTG B SR BRI SR BT . — T I
. AR SR R, b T T
BB DU R o B AT AR B

it

Wi EHHEA: 2017 - 09 - 29
*ENEE (E-mail: zhengjj@hust.edu.cn)



11

IR, S PPRIZHCE A AR S KR AL e USRS AR E MRS A T 2079

IUARALITTE S 1 T RE AN v] 8 G 7= A2 B KR & 7K
RimE . SR KR MR BRI e, X HadE
A7 Ab PR B 5 B 2 4 UM K & B A B BT R
sk BEE M. B—TJrim, B E S PR R
AR TSR, e e A2 8 AL it e A R M ] B T
T I s o R AEEOR) (AR ) H 2 A S 1Y) B8 RO A
TN A AR B IR S AT YR I, — PP B AR ) e i
Tl R KR A = B 7K R BR IE. (CSMD kAR
AR CEbhnggde) R, REREARRERIRIE 7 B M
A, R R R R . B AT CSM IHH,
AR E RS T B N A2 DUE 2 TR, SAlst
flads: HATREEYIA TS TREP. AR H
Uz y 2 TREPL ¥y Pulau Tekong B TFEMLA
o IEAEAS 8 (M) R TS 5 A 0l T2 5 o

EAT] ZAL 2, AE—FN LA R, CSM IEE}
REEL S T BRI S AN B [ (A ) Ja 4 2% ) 2% e 12k,
XALE T i T 20 R 7K eI Ve i R AN 5 5
Y, BEE TSI FA A ENE . TS
PERIFRA A AT E LTS CSM IEFURIM 25
25 1) S e LU I8 R b 7 2B AR AR I 2 ) AR e 1 B R
&, CDITP Oota 281 Tang ZMHF5T KL CSM
SREEFEARAS S R 5L (COV) AR ILTE N 0.3~0.99,
KR — R LR R R R B
0.1~0.3"D, KECHR[10, 11102 40F S22 i) A8 5
PER] BT BT AR S 1 A AR 3 B T A
CSM EL T2 77 A6 1 B A PE S 500 25 18] 48 S
7]

HATE 4 CSM SHE R T RE I 5 % F A e v
¥ it 77 1% "B (conventional deterministic  design
method, CDDM), Z VAT HE M H. G# TR
52, ABXIA AR RR SR A (B AL S B AN R, A
O @B EE RGO M E, TR
AR ICER W A SEEE 43 #1777 (random finite element
method, RFEM) fE 3R 2407 4] A8 S 14 1) 5 el [
FORE . SCER[10, 11, 14, 15]84%H RFEM J5
EEBVEAL T AR S B0 ) A8 S 1 %) R A AR e
PEV BRI EyR B SZ A U R R AR, AR
T RANEEL R, HEAKUL, RFEM J7iETHEFERS
K BT R, ML TR AN Rz s
e

BTHTRR K, AL CSM A 9 Fix
%, HOTHREUTILE: OXRTIHY CSM M2
B THRHIE, @ik RFEM 7553 i 2500 () A8 e Xt
CSM B3 fa e PE 2 A, JF = (LB RFEM J5
%A1 CDDM J7i%/) %5+ @LL RFEM 7B A,

57 CDDM F35E %4 8 IR BT 250 MPRHR =
RPN EREFZARIR I Z ML R R DIEA
A2 CDDM Beit B A §e T, il I iz 2060 0 25 52 7t
VPRSE A B (XL H AR AT SEEFRAR ) SREEHGRALE
CSM #4142 B i 23 18] A2 S O RE )

1 (a5 AR
1.1 [a)@Ek

W58 1) ORI R R 2 E CSM IEA BRI (154
SEVE CPRINAD o), HREWm CGegia) i 1
FIioR o AT B 1 B S W PRAR TR R 2B - OB S A+
EIENRR, R CSM RTZJGTENEIR LTS, JTid
REEN 10 m, PIOUFFRECEABET 12 1. CSM 5T
PR B I TOUIHI 56 O 60 m, B 5 A HOCG BN D,
CSM BN H+10 m, FRIRIAIEIE LA m (&
NARED, BERRMEH 20 kPa IACiE M (BN
BI51 A0, BESRNTH AR SZH KR S1. T S st H
By NI, T SR R T TR RS DL I
1o Byt e PR oA i ik 1P T A PR OGRS B 1 i 4
WAEHAT , A PRICE B e, 2 A A 20

30m

20 kPa
IARRRRRRNRE

H+10 m

B

g
ST\'\ 40m

m
30m

KL

1 A3 CSM R IRTRE M T B0 E iRl m R ~F

Fig. 1 Computational domains and dimensions for CSM

embankment stability problem

CSM 4R TR A7 2 R R A ) R S B T AE
EHATERITC ARG T I CSM MR35 3
SH (BB EMRTURRE g BEETCMRIUL R
JERR VLS N AR RS GiitRefE, T4
W O CSM TCMIBR T 55 5 ik AR BOE RS
oA, HZHAEOLT COV AT 045, =AM
R T EPE L, @I CSM & E 5 g,
BIFHER, H Eq&135, X5 Lee Z R0 45 B
(E/q=140) =AW &; GBI+ CSM RILH B
BRARAAT Sy, BV 3k B 5 oA T ah
NEACHTBL, i B AL R 6%, RXFETFIREA
BRMT B, HIRRGRZLNIERREE R 0.8 £, H—
PRI AR S R BN 2 e XRS5 1RO Ja 2200 M

TS HOLIBE T AR



2080 s LT OB % R 2018 4E
Lop 1.2 WEMSEE
Py I A KH CDDM #t47 CSM B3 B i St i an
3 0.6 ‘F:
g (D BEMA CSM B-E g, IR IER 7340, H
v 04 COV=0.35, HARMGHHHEMIERE RN g, WMHE
02 Cug, ) KA.
. (2) IEHC (1) AR oA (1) 25% 7 P E A N ER

0o 2 4 6 8§ 10 12 14
/%

2 BEEFHKEIEHT CSM R X RYF—Lihsk
Fig. 2 Normalized curves of stress-strain relationship for
CSM under consolidated-undrained tri-axial

compression condition

H R 1 JC AT CSM AR B R A (A IR 7T 73 #r
BRI . Kasama %! FR2 (A ] 45 AN Hl K = s 44
RIGAIRRY], KB Bk B R L SRS 2
AR SR KPR, £ i TR LT AT . IR
M2 S A P 2 B s R LRGS0, Ex P R
B A RS . [, Balasubramaniam %MV
Horpibulsuk 2@ R IGIES:, T b2 si e,
Zend — BURF (A FR 475 A2 A ARG L N — R Ll
[ SRS, TX LR ] 45 DR 25 R P N 40 285 - g e [ 285
WEW N, P E—RE R, BRI
WA A 5 B8 A2 M - Al BIMDUER [ 2 IR S T ANHRK
FAFANEEZ AR TH, HEE CSM MEHSE &R
HURAG, T LA ST AT 2288 Liu 252158 44 [R] [
T, RMBCE e e AHEOKEAE, JERT NS N
0 ff) Mohr-Coulomb AR CSM A4}, LIk F|iE
N1 Z AT, CSM AHOKHUBTHRE c BUN quil2, E
BN 135ques I BNEE I )2 5, B BT U1 ARG I,
co BUEFZ IR &L 2 Fros B RLEEE RN B2 TR B R AR
B, DASEROHI CSM N ARHAAT N 738k, HEIR
VAN BB A AE AR A AT O, W E R
Mohr-Coulomb R, PEZEME 0, o, TN
7.5+0.5z (e z NIRRT LA MR, AL m), IR
AL DAL E LN ¢, 1) 400 5. HoAthvH 5 75 10 2
AEMESHIITERL P,

®1 MRS EE
Table 1 Engineering properties of soil and CSM

= p cu . E
+t= /(kg'm) /kPa oy /kPa v
CSM 1400 Gua/ 2 0 135Gu4 0.48
L€ 7.5+
1800 05 0 400(7.5+0.5z) 0.48
Sz

E: O p NEE; o, NAHEPKBITINESE A v 9kt
qua ARG SR BEHE; HRTF SR . @WEMED
HrATATSEZ 3T qua FOBUEANF, PR 3Co

SEVESIHT 50 R E quas BRI
s = Mo (1 xCOV) = 0763941, (1)

(3) R CSM IR ES:, K N BE
475 0 ) Mohr-Coulomb #5EUEH, CSM 18}, ¢,
BUN qu 12, HASEIEEER 1 U, BTFE 3 (@
Fs B BRGSO AAY, @it ok BE Pk i 5 CSM
FIRRE LRI Fy CRAR “d” REHEHEDP.

(D) W HFTR Fa 5AEHE M e &4
RBOIATIOR, IERIE R ZRE (D PR g, K
AN, BE ERSBEETHEN F GEER,

(5) MRIGERLETER u,, KA, iE CSM HIRL
Gz

Xt CDDM St i FE AT i I 7 OI3R 5 1 Bl
CSM MRS HGHFIE, AHMELBL, CDDM {F1E40
NAE: OCDDM fBE 5RE COV i (0.35) B
%, /N TSZBRIE M @CDDM F1B % g IR IEZRS 73
AN, RN EIES A A, @IERIES
IIAH) 25% 73 BEAEN qua AR RESFRCERAEM TE S KL
2 () AR SRR . IR AR 2 2 AT RE S B B
B &
1.3 ETRENIAERI AT S E 254

f#F RFEM #E1T CSM B3 R85 Al 5 43 i ANY
A DR G MR BT R S50 2 () A2 bk, B mT DL £
4 F W B, PE T S RO T {5 R R - RFEM
SRV B¢ FE L 1) — B g A AR B TT CAERAE A AL 2 5 2 () A
SPEMIBENL o BT AR - S 0 2 A
B/ CSM MRS E A RIS E M, &R
VNG, WEARX R Rl s A R 2,
IRt RFEM 23 A1 HATS 440 PR E A0 e M« [
B, CSM AEHFIE FE AU [ 25 IRAS N ANHEK P R 2
FARARA EE AR S AR N, BRI ', 143K
1B . FrBL, ASC RFEM 23 Mrish b 21 (K BE A L7 B4
CSM &L E BENLIAA ¢, BENL . WRTRTR, CSM #
EHE E R o TURMEY g, 58 2AHR, I UMY AR 24
% g BRI RIRT CREAN A2 IR BE AL E A PR e Y
H R — BT qua D

B LA RBE LI B 5 0 R P AR p
O fERP B ERS | KL R R ok



11

IR, S PPRIZHCE A AR S KR AL e USRS AR E MRS A T 2081

S PR T R i HOE ST 16 K-L s, 3
BARAE BOT v B R BRVE WOCHR[25~27]. FEAE R g, B
MUz, B2 qu IR BOIES 34, HEL A COV
WUEAZA p, KA CRAERTHVER SO FRF,
T CSM — oy IS, BIEL0N 2 m, AU R
qu FEHLIZES, BRI A S ECN 2 m, KT AR
B IRV 7T B SCERPIBCN 5 mo BRAh, N T BE
K570 ST X RFEM 20 RS FE KI5, A X1 70—
B AR 3 M OE&AT7 FA SR B/ @
ANEE /N DL G I SO 5 18 s B LBk FLEURE K Gl
WA 100 mm, #5200 mm) 20 Abe 258U
FE ST AR HITEA SCRE RS IR 1/3~1/2, IEFX LR
W), AR ST IR eSS Y [ g R0 ) B RS R iU 7
1.0 m A4, B3 (b)) mEMSHE T COV=0.8 i ¢,
BEALIA I — RSB

(a) BoE PR

(b) RFEMAMHEE (CSMIEHAHSL )

3 ETBEITRCER CSM HEI IR E 4 2 iR
Fig. 3 Stability analysis model for CSM embankment using

strength reduction method

XTAE— T, AR N IRBENLY, #-47 N IRE
SIEESEIL, 53 N A CSM Bt e M2 4 R4
Fop CTH7 “p” REMEDN, BEMATSEH Fop 1
ST AR S, LN Fy, #H2IES
AT CGPERR SO, RG] SEREHR bR B AT 4 N 20t
B2,

B =y, =D/or, ()

R e N F B, 0y J Fo b,
1.4 I

NTE g e BN, ASCEIEEET
6 MAFER COVH (BFE 2). BT COV=0 (iR
ettt 4, BA COV H XM 4 MAFENIL
WL 3 MAF ISR AT 4~6 DNAF 1, B
fi, B COV AL DX N 48 Dot T, #A

ST LU EUE SEILEL N 2 2000 IR Cif g 53 #
HON=1). TEUHIZ, £ RFEM 2, XA
[ COV, m 1 H A&, WER 4~6 4>, IR
AseaE, HH RN T RIEFTA THUH W SEE 1R
W BN T 0.5~6.5 Il
R2 gIRCER
Table 2 Analysis cases for CDDM and RFEM

wit H Hau
R cov m
Tk /m /kPa
CDDM  0.00 1:1,1:1.5,1:22,1:3 10,1520 60,80,100,120
020 1:1,1:1.5,12,1:3 10,1520 4~6/MH
0.35 1:1,1:1.5,12,1:3 10,1520 4~6/MH
RFEM 7]
e 050 1:1,1:1.5,12,1:3 10,1520 4~6 ME
SERETTU
0.65 1:1,1:1.5,12,1:3 10,1520 4~6/MH
0.80 1:1,1:1.5,12,1:3 10,1520 4~6/MH

2 SRS
2.1 TREMRENSERSH

Kl 4 EoR T 3 R R Ta il R RROIRAS T kR8T
DI AR E A E. SRR SERIEHEHHET,
BIiE i B S s 2 m MR, BEE H 30,
I3 S I T B AR T ST B AR & s, [N
EATTRSERIERe 3R

(a) m=1:2,H=10 m (b) m=1:2,H=15m

(c) m=1:2,H=20 m
4 B3 CDDM TR B RIEF KBRS H L TILE RE

Fig. 4 Shear strain increment contours at critical failure state
of typical CDDM cases
itk 2 mETATENE T T Fu 8928, AT
4 Fa = p,, REAMEZ, WK S o, mE™HR, X1
EESE m M H, Fy'5 p, 2IEWHIKRR; B85 H 5
m SR, Foa BT o X e 5 BOIL R 58 4 — 3.
2.2 WREFENERDH
6 /n T —/MA RFEM T (COV=0.35,
m=11:2, H=20 m) {EAFRIEUE LB h 452 R I
FRFDRS TV AR F R 248, BT CSM #
PESHCE A TR, A — O RIS S



2082 H O+ T OB % M

2018 4F

) 51 e W T T T AR A K 2 0
AR CSM B MR i M OB AR R, A%
LGS T LA 2000 VORI SEELIRAE 224
B Py AT T BRI Fy A ATEL T 43910
AR A A TR, T DA BLIERS
SATHNE MR LT (p (FLRK 22 1 50 A 0L 2 P
1), Hp #5517 0.41, FILATELAR Fy B IEZS
S5, BTARAIR (2) $H4 g R TATHI. 4 RFEM
TR RAEDL, RF— k.

301 P wRE
—=—1:1 10m
- —-—1:1 15m
o 24+ ——1:1 20m
Fo] —¥—1:15 10m
W& —1:15 15m
M 18k ——1:1.5 20m
H ——1:2 10m
ié{ ——1:2 15m
——1:2 20m
a 12 ——1:3  10m
=) ——1:3 15m
——1:3  20m

0.6 1 1 1 ]

50 70 90 110 130
T B EEFREE BE 11, /P

5 MEMAMLANRERERAYIHTELER
Fig. 5 Safety factors of stability for CDDM cases

(a) FELH | (b) HEIH 2

(c) AL/ 3
& 6 #A RFEM TR BIRIERLBRSINTIEE = E

Fig. 6 Shear strain increment contours at critical failure state of

typical RFEM case

141 AN

AN —iE# p=0.4086
12F 7 ;K----I?Epﬁfﬁl’=0-1467
10f i

=

%08}

ﬁ 0.6
04
021

0 1 L = J
1.0 1.5 2.0 2.5 3.0
BRRBE,

7 #38 RFEM TRRERERYNSMESE
Fig. 7 Histogram of safety factor for typical RFEM case
8 4ttt 7 m=1:2 H H=20 m i A5 COV 4[]
o FAETF I g+ 0 BR (20 SR B

ATLLE Y, AR5 RH COV AEH RN 1y, » 0,
PLE B HIR/Ne COV IR, &8 pp, BN o, i
KH B E#EAN . COV AEXS Fo, 534 IR AR & 13
Wle [, XN TAERLGEN m, H A COV, o, M,
ZINEEWBIRR, o, M, Z HEAFERE L
PERFR, (H B p, Z A RAFLIER R

94ttt T COV=0.35 i 147 RFEM T.OLH] gy,
Opy AR B o HIE9 Ca) TR, pp, BE H, m HI2EAL
B S PrsiZ2 @B, A, REEEE, H
om B8R, gy, BN B9 (b)) FIRL m X oy, -
P KAWL LURIE AT B3E R H X o, 1)
MU R, HiN o, RITECK. B9 (o) w
Hl, AHAS ARSI, m X B IR
W m BN K M, H X B I
NN o, Bk BRI I T % 2 u, BOND B
BN, H K B, (824, BORRD BRI, H
K R

NG
a
1

——C0V=0.20
——C0V=0.35
—4—CO0V=0.50
—¥—C0V=0.68
—<CO0V=0.80

»
(=}
T

CSMIEZ 2R BIE 1y,
5 &

84() 65 90 115 140 165
p w1} Fﬁﬁlﬂﬁﬁiﬂﬁp@ /kPa
(a) ug,,

o

o
W
)

—=—COV=0.20
——COV=0.35
- ——COV=0.50
—¥—COV=0.68
| —+COV=0.80

e
o
)

e
)
(=]

CSMIL %A RBUREE o,
(=]
=

0081 o
[

0_02 1 1 1 1 1 ]
40 60 80 100 120 140 160
oA PR 3 BE ML, kP
(b) oy

5_
4_
B
=37
i
" 2r
=
1+
0 1 1 1 1 1 ]
40 60 80 100 120 140 160
oA BR AT FE 38 BEHMEL 11, kP
(e) B

E 8 A[E COV MRERERBMLITER(m=1 : 2 A H=20 m)
Fig. 8 Statistic results of safety factor for RFEM cases with
different COV (m=1 : 2 and H=20 m)



11 FHIOREE, 5. MESHE AR T KR AR SR S SR A e MR I AL 2083
22r L Bk WE BN EAD BIRREZERBA M RRATHE 10 7~
N 1:1  10m
£ 20) =i sm B T RSO CTHEEFRRARD, #IE 4,
o
3 15 ~113 1o FO R RS R TAR KT B A, 19RO, BB, < B,
——1:1. m e — g EW
% 16t /// <12 lom EXTHEIEQ (ATSEREFRAREU/N ), BEIR A, BIREK
§L4/f/ﬁ?é;// 2 2m MEZ IR/ T 658 A, R, BB > B, .
7)) —0—1:3 15m
©12f+ I—m—113 20 m ﬁ;ﬂ%@ .Fﬁs;lfg@
40 120 1 H
inﬁEﬁEﬂﬁ%ﬁm o
() gy ¥
030 W R &
o —-1:1 10m
& ——1:1 15m
1 0.25 —A—1:1 20 m
: // i :
= e AR,
W& : m
80 //:/ et i 10 2 AR EIBEHIER AR FUA TR RTEE
ié! 0.10 o s 1}3 {(5): Fig. 10 Schematic distribution of safety factors for two
7] ——1:3 20 m
© 005 LT L ] ' embankments with different heights
40 60 80 100 120 .
FMRGL IR 4548, /kPa “H 8K B MILRIER COV &M TR
(b) o, IS BA S, nfE 11 Fos. % (AR TREES e m 58
a5y i mE FEVTGE—AnitE) PO, FE AR, — R AR
a0l T oom Tl 20 BB SR A E FURR TSR AR ARRL S RIAE 2.2~
g asf 113 I 3.0 206, FEUEHBRATSERESR AR mIVEEE Y, % cov
ﬁw- Iﬁ%}? <0.35, W H K BB, FFEEES I “H i
= 25t 12 2m RBESERE P2 I ELLA I (L% COV0.65,
201 T3 2om WL “H K B R IIBLS . BT LA AT S 4L
3% 20 kU, Mt “H BOREE IR MR E” 1
T 3 S8 1, /P B AR e Db 2 R
(c) B . .
& 9 COV=0.35 BfR[E] RFEM TR E RS AHHIHER ’ LSOy
Fig. 9 Statistic results of safety factor for different RFEM 4 e 8:32 ;(5) o
. . Q —+—0.50 10 m
cases with different m and H (COV=0.35) f 3 —0.50 15m
N z ——0.50 20 m
“H K B TR/ N T RERR” LS 51 E gé ) ] 065 10m
Yo “ HOBORBRIRFRE VB ZE " 1) ELMA R AR = —+-0.6520m

T JE I o (HIX FEA UL RFEM 23 Hr4h 1A % . s2br L,
FE BECKIN HIL “H 8K R I G0 H A FE
JR DRI o (BB B 5 4y 1 Ay, B2 23008 Hy Al H,
H H\<H,, F&E%ZERZBIMEDT N tpy Mty 5
FaiE R REIREZE D N 0 4 M 0y, » FTFEFETRDR
AN A B, o BIR pp > iy, o TEARTEE 4 1
IINTESR AN, BRIR A, HOVE QR R AR EOR TR IR
Ay A s AR B IR RFIEE (B[R] 2 m 7K
5 m) I, WK, BAEE BRI
(averaging effect) AR, AHMN TSR £y 1
BN, W o, > o0, GREMRNE TR
K, REWEH MM EIZEEA SR RE, HbT
YA, THD L (BRI AE I T8 CSML IR
FUAR SREEAME, Pt Fo gL TEE, Moy, &
T 0. Frbh, B3 A4) GHERFTZER) 4, (3

BT PR SRR
HIRX[E2.2~3.0

(210 66 8I0 l(I)O 12IO 14IO 16I0
TR B, /kPa
1" RE HARE COV EHT fHEER (n=1:2)
Fig. 11 Reliability indices for RFEM cases with different A
and different COV values (m=1 . 2)
2.3 WEMBEESAUREERELR
£x bRk, 5 RFEM 3 #7520, CDDM %
FAELLU I PITT A 2 -
(1) CDDM A& BRAEM 1S 808 eV ) 5
Wi, fEH COV %1+ F, CDDM [Mit )y Za4:0m T
fe o B, 24 m=1 2, H=20 m, COV=0.8, u_, =100
kPa I, CDDM 13| fIA85E %4 RECGEF] T 1.70 (I
K S B, WS HOGH AR AR o A
PR B R RS Z e R E R VHE, B CDDM I\ A% %



2084 H O+ T OB % M

2018 4F

W44 {HiE, RFEM i3 80 AT S Fa b B AN
N 235, BIE/NT (A TR EERE WiT4—
v ) 3T eb S v A e e R R 1 H b T SRR AR
bR, BUATEERE RN Z IR AN 2 4

(2) MWHEFEMBERE, CDDM e TERIE R
JEE o AR M A 1) B “H KA T
227 R EIERR, 1B COV &M M 2utt, X
ARG TREHAR N RAE BT AR i g Be SR T
)

YT ERBFHAL, RS S TEANR
F%5%21) CDDM SE2F5 b A BLAIE T34 1 5 25 ) A2
R CSM AL, LB HIHMTEIE, SCIE
AN JE A LTI AL RTER R AR IS S GERAE CSM. M
ZH5E AR S PR RZ e Y H Y

3 EEMMTEITRMR M FH

EMEIT A

Z% CDDM HEATAE IE A H RE % 55 R E CSM 44
PE S B0 25 (0] A8 S e ) RE i, A R b gl 2 B4R 2
CDDM & i1 6 #5 5 7T 58 % v F8 b 2 1) 1 SR B o
Ching 20OV N7y A 5 FE AR 5 406 B 2 1 5 7
KR, KBTI R R M S 5
A SRR ) H e BUAR IR RN S, o S i
FiFETHE SRR B R —— M. B TREL
A R SUIIRA, ANSCEAR L AT SR R AR S
FFERE A RBZ RIX R R, X T2 e
Ly ~ FaRFEM oy, ~FykHe.

ik 2 FIHIIITA L wp, (Fo ., WIS
12 FoR s . g5 1380, X TEESE CoV,
AF TH AR A EAES, R m, H M pg X
Mg [Foa [ESCMHFEAT] LRI AT AHZ,  w, Fafl
BE COV 36K B & B2 el o SR FH 4 Mk ek 3500
Hry Fa =~ COV RRBATINE TS

<~

Mpg = (-0.68COV +1.38)F, - 3)
131 W HE
" 1:1 10m
12F ® 1:1 15m
A 1:1 20m
11k v 1:1.5 10m
: < 1:15 15m
a » 1:1.5 20m
£l7 10+ .
=~ — * 1:2 10 m
y=—0.68x+1.3753 e 155 150
09} R2=0.9822 e 1:2 20m
* 1:3  10m
0.8 3 o 1:3 15m
x 1:3  20m
0.7 1 1 1 1 1 1 1 J
0.1 02 03 04 0.5 06 07 08 0.9
ESRRHPCOV
12 FRIIAEHET upy/Fo BLRE

Fig. 12 ,LLFSP/F sd data obtained from different cases
M, o, ~Fua ZERRREENE IR~

BE, NHIEA g, A, AN 0, — g K E Fyg
- g KFR, Bk o, B Fo HARSREGER K. Siit&
2 BT T 0y, / 1y, (8, FIASAIE] 13 BRI
Mo AL o,/ pg, (H5Z m S0 LLZBE A
it (%2 H A COV MBI w3 . X TH—4 7€ H,
Oy My, 5 COV ZIAIRISE R ELEL IR, B COV 23X
2R BB A HEEE #3104,/ 1, - COV
MZBH . B2, KR H %44 N
Orp !ty — COV HIZETT LAGE— R LA X0 25 b 51
BTG (R*>0.985):
Ory/ ty =COV/(9.37H +12.46H -COV) . (4)
[FI, B 5 R OCEKH: N TAERELS E m M H,
Fut5 p, BIERFR, A Fo/ p, =kCk RE 5 Foy = pg,
MR, 5 m A HMEID. L, 4E— CSM
BRYE, kRN EER, KT CDDM #4740k
TR O RAE py, D) BIRT3RAS, BEUE T LA 2
CRIE. K Fuo p, =k A (4) 7145
Opp =F,y-COV/(12.46COV +9.37)kH . (5)
0.005 - B W

y=COV/(12.46H-cov+9.37H) =11 10m
®1:1 15m
0.004 - A1l 20m
H=10m v 1:1.510 m
o _ 0.003 » <1:1.515m
<& H=15m »1:1.520m
b |2 12 10m
0.002 - *12 15m
e12 20m
i H=20m *1:3 10m
0.001 01:3 15m
1 1 1 1 1 1 1 1 ] * 13 20m
0 0.1 0203 0.4 0.5 06 0.7 0.8 0.9
ERRECOV
13 RRIREET 0, / 1y, BAE

Fig. 13 o, /1, dataobtained from different cases
K (3D, (5 A (20, WIRHE ST
TELERY Fun BIRBUT2HL MESHRR R
COV MITEEFZART p VU 2 (A AN K 2 -
Fo- (12.46COV+9.37)Hk .
. (-8.50COV* +10.74COV +12.88) Hk — fCOV
(6)
BlE, 2 CSM BB SR LA T 1 2 1~1 2 3,
BT 10~30 m, HIEshmaz T CSM SRR A #6
I, —HIEE T HARAT SRR IFUE T CSM e
Wi et 24, A Sl (60 BiE A H drm] 5
FESRFRXT R SO VARG SE 24 R B, HEITT RENS SLEAE A
2532 CDDM BRI T A5 RCRAE CSM MRS 5L
980 2% (] AR S P 0] B S A R PR RE A )

4 &% B

Vo SCIE RFEM 734047 T M2 2 ) A S
Tt CSM B SR s VER B AR, 96 3 2 Hed% T RFEM
J7i:A1 CDDM J7VE7E CSM B3R 2 5. 155




11

IR, S PPRIZHCE A AR S KR AL e USRS AR E MRS A T 2085

FIFEEZLS R

(1) CDDM A fe & BRI B S H08 7 1 1 52
i, fE& COV 24, CDDM HIutit 7 & T

(2) MATEERERLAR R, R m BB oK AR e M
2T P EMONR RS R IER, B8 COV &M T
BRW . HHAMSHAAL, FEEREE N, &%
SEASE VENT SE AT AR o) BERG K AT BRI/ . TREROR
N RAE BT H LR S B A R S T AR S5 A
WRo

(3) B T M T AeE Z 2 R B Fun BRIE
Wit S, MRZSHE R /3 COV M SEERIR B
VE 2 M KxR R (3 (6)), HIIZAK K RFEY
SCMAEA T CDDM Wik AR A4 48 3R E CSM
A1 S 40050 75 18] A8 S PR e S A e M2 e 1 H 1

SE -

[1] TANG Y X, MIYAZAKI Y, TSUCHIDA T. Practices of
reused dredgings by cement treatment[J]. Soils and
Foundations, 2001, 41(5): 129 - 143.

[2] KITAZUME M, SATOH T. Development of a pneumatic
flow mixing method and its application to Central Japan
International Airport construction[J]. Ground Improvement,
2003, 7(3): 139 - 148.

[3] MOROHOSHI K, YOSHINAGA K, MIYATA M, et al.
Design and long-term monitoring of Tokyo International
Airport extension project constructed on super-soft ground.
Geotechnical and Geological Engineering, 2010, 28(3): 223
- 232.

[4] TANTS, LU Y T, PHOON K K, et al. Innovative approaches
to land reclamation in Singapore[C]/ International
Symposium on Advances in Ground Technology &
Geo-Information. Singapore, 2011: 85 - 102.

[5] Costal Development Institute of Technology (CDIT). Design
and construction manual on deep mixing method for
off-shore construction[S]. 1999. (in Japanese)

[6] OOTA M, MITARALI Y, IBA H. Outline of pneumatic flow

island

mixing method and application for artificial

reclamation ~work[C]// Proceedings of International
Symposium on Deep Mixing & Admixture Stabilization
(Deep Mixing 2009), Okinawa, 2009, 61: 569 - 574.

[77 PHOON K K, KULHAWY F H. Characterization of
geotechnical variability[J]. Canadian Geotechnical Journal,
1999, 36: 612 - 624.

(8] 5k B, RAH. ETHHZEEMRIAL S HER

A RPE[T]. TR EIE Y, 2012(3): 7-9. (ZHANG Ming,
ZHAO You-ming. Spatial variability of property parameters
of dredged fill based on random field theory[J]. China
Harbour Engineering, 2012(3): 7 - 9. (in Chinese))

[91 MATSUO M, ASAOKA A. Probability models of undrained
strength of marine clay layer[J]. Soils and Foundations, 1977,
17(3): 51 - 68.

[10] GRIFFITHS D V, HUANG J, FENTON G A. Influence of
spatial variability on slope reliability using 2-D random
fields[J]. Journal of Geotechnical and Geoenvironmental
Engineering, ASCE, 2009, 135(10): 1367 - 1378.

[11] GRIFFITHS D V, FENTON G A. Probabilistic slope stability
analysis by finite elements[J]. Journal of Geotechnical and
Geo-environmental Engineering, ASCE, 2004, 130(5): 507 -
518.

[12] SATOH T, KITAZUME M. Sea reclamation with dredged
soft soil for Central Japan International Airport[J]. Soft
Ground Engineering in Coastal Areas, 2003: 311 - 318.

[13] MITARAI Y, FUKASAWA T, SAKAMOTO A, et al. The
construction project of Central Japan International Airport:
application of pneumatic flow method for large and rapid
work[C]// Proceedings of the 12th Asian Regional
Conference on Soil Mechanics and Geotechnical Engineering.
2004.

[14] GRIFFITHS D V, FENTON G A. Probabilistic settlement
analysis by stochastic and random finite-element methods[J].
Journal of Geotechnical and Geoenvironmental Engineering,
ASCE, 2009, 135(11): 1692 - 1637.

[15] FENTON G A, GRIFFITHS D V. Probabilistic foundation
settlement on spatially random soil[J]. Journal of
Geotechnical and Geoenvironmental Engineering, ASCE,
2002, 128(5): 381 - 390.

[16] ZHANG Rong-Jun, HASAN Mohammed Shareef M S,
ZHENG Jun-Jie, et al. Effect of spatial variability of
engineering properties on stability of a CSMC
embankment[J]. Marine Georesources & Geotechnology,
DOI: 10.1080/1064119X.2017.1290168

[17] LEE F H, LEE Y, CHEW S H, et al. Strength and modulus of
marine clay-cement mixes[J]. Journal of Geotechnical and
Geoenvironmental Engineering, ASCE, 2005, 131(2): 178 -
186.

[18] KASAMA K, OCHIAI H, YASUFUKU N. On the

stress—strain behaviour of lightly cemented clay based on an

extended critical state concept[J]. Soils and Foundations,



2086

in>
&+

2018 4F

2000, 40(5): 37 - 47.

[19] BALASUBRAMANIAM A S, BUENSUCESO J R. On the
overconsolidated behavior of lime treated soft clay[C]//
Proceedings of 12th Int Conf on Soil Mechanics and
Foundation Engineering. Rio de Janeiro, 1989: 1335 - 1338.

[20] HORPIBULSUK S, MIURA N, BERGADO D T. Undrained
shear behavior of cement admixed clay at high water
content[J]. Journal of Geotechnical and Geoenvironmental
Engineering, 2004, 130(10): 1096 - 1105.

[21] LIU Y, LEE F H, QUEK S T, et al. Effect of spatial variation
of strength and modulus on the lateral compression response
of cement-admixed clay slab[J]. Géotechnique, 2015, 65(10):
851 - 865.

[22] FENTON G A, GRIFFITHS D V. Three-dimensional
probabilistic ~ foundation  settlement[J].  Journal  of
Geotechnical and Geoenviron-mental Engineering, ASCE,
2005, 131(2): 232 - 239.

[23] 7% AL, R, JEEEH. 4ERENLY B0 iAot )R
ATEL ). R B LRSS (HARRHEAR), 2008,
36(3):104 - 107. (SU Cheng, XU RUI, FAN Xue-ming.
Local average method based on curced-side elements for
discretization of 2D random fields[J]. Journal of South China
University of Technology (Nature Science Edition), 2008,
36(3): 104 - 107. (in Chinese))

[24] KM, IR, AT, & %558 H KRB0 R L
YT SERE AT [I]. A LAR2EH, 2014, 36(3): 508 - 518.
(JIANG Shui-hua, LI Dian-qing, ZHOU Chuang-bing, et al.
Slope reliability analysis considering effect of autocorrelation
functions[J]. Chinese Journal of Geotechnical Engineering,
2014, 36(3): 508 - 518. (in Chinese))

[25] SHINOZUKA M, DEODATIS G Simulation of multi-
dimensional gaussian stochastic fields by spectral
representation[J]. Applied Mechanics Reviews, 1996, 49(1):
29 - 53.

[26] IR, FoKkHE, HAlLR, & BESET RS
BOATHERE 7y HrARR N SRBEHLA BROTIE(T]. A+ ERE AR,
2013, 35(8): 1413 - 1422. (LI Dian-qing, JIANG Shui-hua,
ZHOU Chuang-bing, et al. Reliability analysis of slopes

considering spatial variability of soil parameters using
non-intrusive stochastic finite element method[J]. Chinese
Journal of Geotechnical Engineering, 2013, 35(8): 1413 -
1422. (in Chinese))

[27] PHOON K K, HUANG S P, QUEK S T. Implementation of
Karhunen—Loeve

expansion for simulation wusing a

wavelet-Galerkin  scheme[J].  Probabilistic
Mechanics, 2002, 17(3): 293 - 303.

[28] MELINK T, KORELC J. Stability of Karhunen-Lo¢ve

Engineering

expansion for the simulation of Gaussian stochastic fields

using Galerkin scheme[J]. Probabilistic

Mechanics, 2014, 37: 7 - 15.

Engineering

[29] HALDAR A, MAHADEVAN S. Reliability assessment using
stochastic finite element analysis[M]. New York: John Wiley
& Sons, 2000.

[30] VANMARCKE E H. Random fields:
synthesis[M]. Cambridge: MIT Press, 1983.

[31] ABE T, MIYOSHI A, MAEDA T, et al. Evaluation of soil

analysis and

improvement by a clay mixing consolidation method using
dual-way mixing system[C]// The 32nd Japan National
Conference on JSSMFE. 1997: 2353 - 2354.

[32] SL 386—2007 sKA/KH TAZAH BT HRVE[S]. 2007. (SL
386—2007 Design code for engineered slopes in water
resources and hydropower projects[S]. 2007. (in Chinese))

[33] GB/T 50283—1999 2 i T.FELE M v 58 FE 1 11 58— FrifE[S).
1999. (GB/T 50283—1999 Unified standard for reliability
design of highway engineering structures[S]. 1999. (in
Chinese))

[34] JTG D30—2004 A B L& 11 HITE[S]. 2004. JTG D30—
2004 Specifications for design of highway subgrades[S].
2004. (in Chinese))

[35] CHING J, PHOON K K. A quantile-based approach for
calibrating reliability-based partial factors[J]. Structural
Safety, 2011, 33(4): 275 - 285.

[36] CHING J. Equivalence between reliability and factor of
safety[J]. Probabilistic Engineering Mechanics, 2015, 24(2):

159 - 171.



