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Boundary surface plasticity model for lignin-treated silt considering cementation
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Abstract: To investigate the stress-strain characteristics of lignin-treated silt, the cementation properties of lignin-stabilized soil
are discussed based on the results of unconfined compression strength tests and the microstructural analysis. Based on the
boundary surface plasticity theory, the parameters of hardening, stress dilatancy and destruction rate of bounding effect are
proposed to develop a new boundary surface plasticity model for the lignin-treated silt considering cementation. The
non-associated flow rule and the modified imaging rule are introduced to capture different failure modes of stabilized soil, and
the meaning and calculation methods of the parameters are also explained. The characteristics of stress-strain, stress dilatancy
and excess pore pressure change for the lignin-stabilized silt are analyzed based on the results of consolidation tests and triaxial
compression tests in the laboratory, and the validity of the proposed model is also verified. The results show that the reason for
the engineering properties of the improved silt is the cementation introduced by lignin. The yield stress and undrained shear
strength of lignin-treated silt with additive content of 12% are increased by about 90% and 40%, respectively. The
characteristics of stress dilatancy and excess pore pressure are different under different confining stresses. The model results are
consistent with the laboratory test ones, and the model can successfully capture the characteristics of stress-strain. The proposed
model has advantages of clear principle and simple parameters, and it may provide a theoretical basis for the numerical
computation of stabilized soil.
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Fig. 1 Particle-size distribution of test soil
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Table 1 Basic physical indices of test soil samples

TR B AR HE
FAREIKER % 26.4
TR /% 32.4
B/ % 23.6
SR 8.8
KT/ (g-em’®) 1.72
AR B % 16.12
pH 8.74
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Table 2 Chemical composition of test soil samples "
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Fig. 2 Microstructure and EDS analysis of lignin

Fig. 3 Analysis results of functional groups of lignin
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Fig. 4 Characteristics of strength variation for lignin-treated silt

5 FR4F 28 d IMAERIK 1000 FEHERHERA
Fig. 5 SEM photos of soil samples at 1000 times with curing time
of 28 days

2 KERzEHTHFREERR
2% Lot I P A R A R SAVEAR T AN & AR AT AR
ik NS R AR, TEINEEERCIRAS, (HsLbrit 2
o, EAREE SRR PIRAS T s, +
PRI ST B B Y Dafalis 262 1980 4E42H, %
ALY 1T .77 e BT (PN i faf Ak o — o, JE I
FhBLE N e S S MR  A FHR R E
AGIL ST R RIS AR S 7 s AN R A Y
HI R 7 05 BB MEAR T 5 ). B 6 Sl Dafalis 25482 (1914
SRR B IS ) B . B R F i e
BV R 26 AN — BOW M 2R 4 i, B BHVE I A5 & 24 /T A )
15 WS O IR 2R AR Al ST R 32 s B OB R T
o AHTN ) s T S I, SEBR N 7 i i 58
P E ] SR A RS B, A R S AR
VAR=V e AN L] R S e 1 1) VA D= - AN
MM RK KRN
— 50
o = 50—_5
K, 5, AW RO SN SRR, & AT
VAR=R=T: IVAR =YLl )R

Gij ’ (1)

I A RASLR
UL

6 MR EREREE
Fig. 6 Schematic diagram of bounding surface plastic model
2.1 BFEIEFIHIE
IRYEFIANE S A BABE, HARR AT 7
PAPERLAR & FIIBPERIAR &, DUAH B 1) A4 FR R AR 1
de, FURBIASI & de, J9
de, =det +de? }

— c p
dgq = dsq +d3q )

[24]

2)

A, A& BER e AFRIENAE, p ABIERAE. XfT
S N AR 4 B W AR SRR E , BRI AR
K Mgk si i E G ih e, HabsE Ul
. dp Kkdp
de; =—=——"7"—,
K  p(l+e))
de _dg _2(+mdg _ 2x(+ p)dg .
Y 3G 9(1-2w)K  9(1-2u)l+e)p

€)




674 s+ T OB ¥ #® 2016 4F
X ATk N e - Inp 23] A AR AR, - 02k it 2k x) DPu=P.+ D>
MNIIRER: e NHIEEFLEILL: v RARAEL . T 284 p.=1p, > (6)
AR 4 A ph s S B PR R A 5 P =Qapy o

120 ST R B 1) A S O T BB A BN JE IR
2, RV . BT ARG AR ok L, b3k
T EERNOBER S AR SATZE P TRRL (5 um
<d<75 pm). Ressull ZEPEExi b 4R T 48— RS
D SRS AL, AR AR TR AR R g - B
ARSNGB T N p - g BARTH NGRS S E0L
GRS, P P O S R A TR AR RR IR A, (BE
I 5 10 B MR TR . ASCR FZ AR AL
JE AR RRE A R R A, HRE R

In(p./

?:Rp)} _0
X MR FARS LRI p NP LR T, sk
PRI SRR R M kbE S, RERD TSI
FOIRAS LN p FAZ fURIREALRR LA s N MR L,
FH S ) 320 5 T 1) T 5

F=5—M5{ (4)

q
BRRELR A,
1 n
5 @51
0 > o
-
N B
T/ XTI
L RIR L RR
B rhL ,

Bl 7 —RSs8a R mRa

Fig. 7 Schematic diagram of bounding surface plastic mode

Kl 8 AARFEMEIZEL R, N R R AR AL L
KIPAT LA R EBOR, AR N E#K,
120 5 TH 4 s RO B 5% [ A - g3 T AR T v
RZAE Dafalis 4& i FORBARUEERE b, H 8 fikiin g oK, /I
T ARTE S JE AR AN Sy v, T AT RE AR [ 7 A
MIREEVE T . HRTA RIS SR AT A, AR5 3R AT A
Kl = AR 25 R, WA IR R e by s fE A5 31
P ik, ARSCX Resull 4@ Hi 10 TS HE47 24
Bk, R AN BE FRIE 45 s ) pe B i sg oK, (Rl
BEA BT ZR P AL MRS FH TG K. B 9 el AR
A s B v TR, REARER
W] £ e e T 5 3 e IR T TR AR [R] o 122 Je e i
FRRIEAN

i zg_M‘{[“‘@“ /<E+pt>>]}'w

124

— 0 ’ 5
p R (5)

X plNERIES p #IEAZ A p NERIES p
HIIEAZ R po JYHRJI R 51 S 1 T AR aG P b o L s
roa YN ER R, r FARKRREL LIRS R
Tl PR NI ECAR, BB AR (1 B 328 ek o 5
o SR A (] 4k, 1 52 7 sk o R 1] Jise 485 1R A A 2
fEo =1 Ha=0 &, BI, pl=p H p =0, WFEKK
AR S NS R LA, #E R R R
i

€ SCIA T FAG . g 55 ANEER T 18 9 I g 1)
WA AME R RTER (5) RImS455R, AP

o oF | 5
" \J@F /3p) +(0F Iog) )
. OF | 5 @
J(OF /3p)’ +(0F | 3’
Bl (5) RN (), 53
nA
np:ﬁy
n
(8)
]
n, =———
JmAY +1
A, Ny 14 AR BN
n=—t—=r" ©)
p+p. Ptp
A:l{Nm(_Aﬂ_l W)
p+p

X (9 PRI n % AR R IR EAE 4R .

q

R=3.0, N=2.0

8 MHEEHILF 'R
Fig. 8 Schematic diagram of bounding surface plastic model
2.2 FIREN
Rouainia 5 IESR BRI ) RIS R 300 K
SRIN L ARG RBIR MR, 51 ANAPR AR r R



5 4 3] sk W, SR BIBIRERE I RO SR [ AR 30 S T A 675

SLAARREIE B SRR IS TR RRCR .
N T BT HIHE AR 51 2K [ 4 = 52 5 B YR v R ]
JREE IR, A 3CZ M Rouainia #2757, KA a
e bR AR (I (6) i) A LR LRk
)RR SRR S . AR & r RIS N

r:1+(1’0—1)exp[—_k€;(l+eo)} (11)

X ro NEMIIHHIRESHIRES: & N ARSI
WA g NIVEROIARAS . X T2 &k, DA LS
TH] YA AR o LB e 9 — 4L, &1 Rouainia® 2
H R B A Z IR AL R Baudet 25PCF 5T 12
P PERE L AKIERLSE, (AR BT F rh FCR0RE ] Jie
S BB PR TR S FE AR SE 1« Chen 25T LRE (6K 0y
R R, $RM TIREBOEA B ER, HSHAE
WAEHE AT R T TT R, ASCAN LRSS R R
Je A THIAARIRE R ko 2B WG, B, FEH
HIBIR IR kiR

k=k[1+exp(Bey)] (12)
A, BMEIREL s WEPERORNAZ

q

<
P e 114
e I

aﬁc’/$k4b<h——{ pp EE
PP /ép' hrfip |
B9 BittAREEN LD RERRREE
Fig. 9 Schematic diagram of bounding surface plastic model

Baudet 25PI7EHF 5T RIRICEN - (K B SR R I R
B, BVEARANIAL &, MUIBVE R NIAE &, 25 20F ARG H
FIBIIR ™ AR, LR kA S PR R 6 B o 5
W IR . VF 2 2 2R TSR 1 B R R
&, Mg, FEMIAAEN h R, it W, ASCRA
Baudet A 7T 45 # E J H ASH AL IR S H (1 45 b 45t

my, Bp
ga=AED +(ED) . (13)
2.3 SRTEN

PEBIIEINFE PR N AR (K T ), A
FBE,  RIVAH SRIBR IS AN AR KRB AR, %
T LR BRI EE I B Sd . A SCRATE
FHRIBRTTBIIEI =5 FEIEVE (AR W A4 55 2R i L
AR R LU, AN

os’
=— =AMA+ky)-nl -~ (14)
oe’

q

7]
o'

d

X, A M kg R SRR S, w NIRES
¥, Been 2500 % SUIRESSH N
y=v-—v,+Allnp=e—e;, - (15)
X (15 R E SO AEPRES LRI e 5
I FURZS TARFLRR L €, 2 2. Bz (13) A%, Fow
IEPE S BN I B [ B
— ,
o1+ d?
1
m, N ,
A, my B mg 53 5 BBV SR B 7 1) BT ) ) B
2.4 BRETEN
10 B A i vt S WS s = B e
TARBREMREER, B HOBPIER o & (0, 0)
M FEE M (—p, 00, BMEHNENRFAESIZR
WSRO, A SRR ot o AT TR T A o,
(p, @) TEIAFH EMAE SREEN Mo, (Drg),
T AR ABE 72 (1) ke 53 U Ay
5, =0 o PTP_T (g
' 8-8 " ptp g
A, 5, WG SRR R BEE, & 4T
VAR=SCTt IAR=YLTFiEr-%

q

(16)

7
o'

—

10 RS R BRGHEN R EE
Fig. 10 Schematic diagram of the mapping center and image rule
2.5 MEUHE
A Yan 550 BA R A R P (K R SR A4
PRI 827 AR FR AR A AR IR AT, ) P 2B I A AR A
HRATHL T AR, BETAS BB A AR 11k
MEALRUAE . Al a0 (o) M (D, 15

P, = {1 + (r0 —Dexp [m}pc tap,o (18)
Khalili 20255 H SR FH SR AR AR 18 B Ae? SR
NI T R AR, FERUS R TN R . A

gityal (18) RHVB RS R B b L REL R, HR

1+
ﬁfpcrexp[;t e°A€5}+ap,o » o (19)



676 H O+ T OB % M

2016 4F

XA, p e & BRSNS 8, HE S A
R R EEE % 24 =1 Ha =01, & (19)
N

1
P. = p.exp {ﬂmﬂ 61
A—K

X5 Li ZP%nt T 4 T 8 i 2 E e AR HEK
TEIAAT 2L R AL — 3
2.6 ¥EMiEES

T AN 7 R B AR R T — B S A
dF=0 k43, HJ

dr :%dﬁ+g—;d§+ s:; de? +§712de =0, (21)
B FmiEs e GG BERMER (R (D i
3 12D, Fshikm) (X (14)) AR (X (19)
A QD 1, BB FEFE A 5 i EARR T
RUFBIERE K
e {§¢0+Am+%)+

P Jany +1 Pa(A—K)

1
b po 0 (2, + Ae?)[1+
A—K

N@-p)1+4) |
(P+p)

g1 +A)(P, —pg} 0 22
P

30 T PO ST 2B PE R K, T W

T 2% Dafalis %56t g L3R WL

N,

5 14

%_5J o (23)
Kb h(8,) & MAREL S Hbr &, PR il B
BRI y 2 5 IRFRAI R S 2. 2 0>0
I, KoK, s 2 0=0 I, SEBRRL) RS T B g 6
B K=K, o B (23) ATHL, WS N L) A
MRERAERALK, , ), HERTILRE LN
RUEPIBYEREEE, 2 =00 I, WPERLEATETTN, ik
TCATATIPEAR T 2 A o SERR AR, 340 5 A N 77
RAR A BIVEAS Y, HLEBVERCREE o B0/ 2T
Ko Tl T 28 S IR AR e R A B J AR A
LR IR AR T B JR B

&=&+M%{

3 1RBUIEIIE
3.1 1REIBH

RS H RS, NS ET
S50 CA R oy 2 06 1 T B R s i A T 1 )
e B, T M, A, ke A SRR T4 SR
R H AR SE, arls = E4ER6 45 8], 7F p

-q Ml e~ Inp FIHNHIE. MAIEFUIRSLRE, A
M e 9 e~ Inp P10 A LA R0 5 IZAK 2R )R 3, £
PRI LE o B N — 8, BUE 03587 Lk, ¥
IR SRR S FORS S H W N, R, kos
B ro M h(S,) %, AIZH Yl ) 5 H AR +
SETTIE, EIEAG AR = EhHE K BT DRI 1A
Forb, h(8,) Doz SR A B AR AL (R R BE AL 2 s
B, HirE=

19.51
hs,) = 95 p, _

ct (24)

ST REMARKELL o808 11115 &5,
TR ARSI FIRE AR PE I 250, Wy, 4 F kg,
WS R AL glp SRR L &P/ £F ST A E -
AT 175 FR R S5 4R P A I 2% [ 4 3 5T
IAVERERY, R BRE AR T M IR T [ R &S
Rk, IR ER L AEL Ry - MAR AR CHfE
PE” R0 I RAE DA RBTAR AR . B 11 IR SR
TR SHL ko A1 B R F IR AR R R A s =
Bl 11 (a) HATBUEH, & BEMIER, LN
- MR 2R R I PR R AR . 2k 1, 4 FoR AR A7
TE 4 71 e 2548 ) HRR S5 IR R ALK, AR IS )
BRR: 7 JEATh R I 4 3 0 ks i 2k 3 AR L Adkim) o
li] 147 e 285 4 ) ELI 25 R i R i v ( B=1000, Uik
KNS - NAR SR T TR IR S PR R SR ik
Cat B W0 5 # 2R 2 AT RTR P FRRAS 2 171
K11 (b) RS ko A1 B XF LA S 7 BT K4

>
R
=
E

10
10
0
10

Aun—tg

o= uafw e
=
(=3
[=)
A

(a) BLAERAERR

S8 Pol 6 [ B ko

0 <
(b) KBUE SR AR e

1 S8k B HERER N
Fig. 11 Effect of parameters k;and £ on behavior of model



5 4 3] sk W, SR BIBIRERE I RO SR [ AR 30 S T A 677

k. K12 NARSE A FIL GRS A48T
ARPERS IR R B FTUAE H, BIRSHL A XA
RN TT - BARR AT R, (HEEETTKSH 4
N, AT RAE AR BT PR R 2

o =

=
R
E‘
&

S fw

° s o
(b) B SR A YR

12 SH 4 SHERIE

Fig. 12 Effect of parameter 4 on behavior of model
3.2 WEUTHZERSH

N T BHEASCER A B, ASCRAETR 1.1
T TR RIS A RFEAT 1 L 2 e AN = A e 4
56 CEALFE[E g HEK = Hiik5 (CD) R 45 AHEK =l
I (CUD . MRHEATRIRIC LS R, R 25 F0 =48y
PHALE X GOAFRY 7 d 3 LA 12%5 8 AR &R E 1L
+oo ERHE SRS R (L TR AR D
(GB/T50123—1999) #47, R46 AT HAEEIR TT A
£ 61.8 mm, & 20 mm, I INEIEMEE Nk
WE SR — R D N 13T, 590N 12.5 kPa,
25 kPa i A %A 3% 1600 kPa, FE7 N4k 24 h.
WL 4R IS = R4 S % ASTM D7181 i
17, M4 CF FE AR FO R, BRIE 4 L )
171 [5 10 37 SEINE 29 7€ 20~80 kPa 22 8], < S0k
Bl 2 B 40 kPa A1 80 kPa ##f, CD il CU 146 1155
PIE 43 %14 0.0096 mm/min A1 0.08 mm/min, =%
JE4iR 6 e S GDS =AML kAT,

13 AE AT 12%A 57 2 [l 44 1 30 ] 45 000
P2 . B RN (po) KTER+,
P AH LI JEE IRSE 775397028 88 kPa 1 168 kPa. HR4ME
=i KRS S R TIE TR, SRS Y)
RS SHM R E S5, KRk 3 s, £
3 R L AE LRI FUIRES LR R MM, TE p fl

EAER po AL HIEBEET, ARBUR I ES
TR TR LR RS, EARPUR IR TR 4
VEFH 2 T4 K

071

—— %+t
R —o— 12%KRE

|
)
§ 0.5
=

04f

03 1 1 1 1

1 10 100 1000 10000

[&1 4% i 1 PIkPa
13 &1 2% KREREE T EFRRRZ

Fig. 13 Compression curves of natural silt and 12%
lignin-stabilized silt
*3 RATESH

Table 3 Parameters of model

IS F- 12%A 5T 2 [l 1k -
M 1.62 1.62
Y/ 0.061 0.067
K 0.0063 0.0069
P 0.35 0.35

po/kPa 0 10.39
R 1.05 1.05
N 3 3
y 0.90 0.90
B 0 0
ko 0 0.005
kq -0.13 -0.13
A 0.38 0.56
"o 1.00 1.21

B 14 D9 A [ S T [T 2 HE R ik 6 2 R 5 A R 7
MEA RIS FTAE H, A SOTHR R AT T 1 ik
ARLEA T B TR F) - BNAHFAE, X TR, e
F T - ARBILI 7 B A AT T YRR, AR O
HAERSRBERMIEA T, WKL RKE, 40
kPa FLF, [ RILMETT40 S BTAKA4EE R 80
kPa [T, dAk584xRILE BIARAE, ERE LR
AR TR A R 2 80 kPa, AFTRMEL L
FRTUREARL L 77 38 N 8

100

00— 00 00.00.Q0Q_000
ci‘.’g_!__“____-_!_-_1_________________._.
80|
£ ol
2 |
= 408
"
4 = Et
20 o L%ARK
I - - - - AT
0 5 10 15 20

BRI RAE € /1%
(a) BiAIERAERR, FEHEA40kPa



678 HoE L OB % ® 2016 4
ST w % BYRKARFE DL A ALK S 1 BE BT DI AR i ARtk Hat 5
4 -
o 12%AKEE gk HL L s 4 TN 41 . Do
N e 25 R 5 SN A RO — B (W 15 (b)) (D Bz
< 2+ Q_o:%:g"i’. 200
€ ’a_o—ﬁ,ﬁfx _— /66_0—0—0-0-0_0_—00"0_0"0_0“0_00
g 0 —-———:b-defi'—'—: ——————————————— ~| ————————— o
§ -1 P é !_[t_:!_!J_L._._i ___________
ol §120_ ’8,- " EE RN mm
=
3| -E‘ g«
4l E 80 -3.
—5 1 1 1 J h
0 5 10 15 20 : . %t
BRI £1% 40? o 12%AE%E
(b) BRI SRR BAE LR, FIFE40 kPa v o ERENE
2001 o o 0 s 10 15 2
g e B R an B LAE 9%
e L (a) BT SRIEXR, 40 kPa
150+ AR
< 30
g .
R 100+ 20 L o 12%KRE
2] - - - - BRI
E o E
< 10
50 T 3 :
: o 129%AKRE%E 2o
- - BN o
§ . . . ) & 0|
0 5 10 15 20 &= om
ek c oo = 20 e ™ e i s iy A a e =
(e) BiISMAERFR, HIHES0kPa —-r T s 66 00000 0 00
101 =30 I 1 1 |
. ?;;*ﬁﬁ 0 5 10 15 20
> i B8 £ 1%
5| 77 BT (b) FUBKES SR BAEXR , FIFR40 kPa
B\; Wik 250
Y e co0-0 000 0200 0 00_ 0000
2%1 W 200 - 'é°,_’.—.?""‘!‘.' mm w g% mm o m
B Boa,
5t hh S ~Q_q_ X L
i‘l~.-:~e:o-°._o_°%__°-o_o_o §150 #
(] ~I-I-—..._.._.__.__._. E‘ ?
-10 s . . ) E 100
0 5 10 15 20
BFIRIEE /% T
(d) ARSI RAE KR, FEESO kPa 50 o 12%ARFEHE
- - - - BRITIE
14 CD iIGER SRBTN LR ¥ . s . .
Fig. 14 Comparison between undrain shear test results and model 0 > it Bg}t 1% 13 2
predictions (¢) RAERAEXFR, FEFESOkPa
FH TSR o B A 96 2 02 AR AR ] 45 KR 25 0
Wi, B, AT BRI A A, R 20 e
s A e sz — \ @ 0 oo~ —a_9%0 -
R A S HO0 AN [R] L T P [ 5 A HE AR e 25 R £ 10 TOR-0-Ee L0005,
— . . 3
ATV, HA R 15 Brs o BEAUN T8 25 A HEK 2,
e . - H
B R v AR R g - AR DL AR FLRR K 2T A2 AL %
WH SRS REA 5, B 15 (@ FRELEHAR g . e
HoKPUBT SRR B A W&, AP il -20 °§Eﬁﬁ
_———— I
] AR 26 Clili ] AR <3%), W T IR Je A 45 8 £L 30 : - - -
0 5 10 15 20

BELK 1 2RI I, B 2 3B BRI . 76 40 kPa B T,
FEFLER K E e fE i (B 15 (b)), 1 80 kPa [
JEF, #BILBUKE AR IEME (- 15 (D). g8 LT
i, ASCRERITH LSS AN AT DU (IR Ak 45
YER T2 I R IR ) - RIS R, KT R

BRI AL £ /1%
(d) FLBUKES SHim AR, FHES0kPa

15 CUBREERSRA TN LA
Fig. 15 Comparison between drain shear test results and model

predictions



a4l sk W, SR BIBIRERE I RO SR [ AR 30 S T A 679

4 &% B

S 3oE A 5 26 I A £ 2 A Sk R O 45 4 43
HEs R T IREE R A TR R e B, 3
TR RIS, WAL T 5 R S8 1 P A R 2
R 7 F7 — REASHRAE 55 7 BYIKC R, W15 40 L
FLEp:

(1) AR 2T R e LR, By L3R B A
TR BTN, it — 5 B R A
WAIG, T8 MR R E A BN 12%; it T
TRPER IO, BT AR 2 A R M

(2) FE T30 FIIBYERL IS, 45t R S5 1 I 1
KR ERE AR, BB, R - WKS
KRR SR RSB BN, BB T4 2k
SRR BT A, FEAE C I S R S B 15
Ul 3 7 T 3o e 0 8 A T e 5
M.

(3) 12%5-8 [ 1k - 0 i RS Sy e 2 4 i 4
00%, HUHLIREESR AT . HeK B D13 5 L 1B 4 14
PRI 20 5 [ A LA . ICER PR R V(B 7 ) oW 2
Ak, AREE T AR, BEET
AR A BT ] o B R HE KB R R
SATRL 40%, B RATL UK JE A7 (9728 (L B k.

(4D STHR A 2 AR 3 ST A R 3
G L5 5 YRR OB, BRI AL
IR A IR SRR 2R g 0 B 25 T 02
B BT (B e . %R BT SRR . S M
O, T R R - AR B T AR — 2
FI R LAl

SE -

[1] ZER%m. HhJEAbFEFAM]. Jbat: o E S Tk L,
2008. (GONG Xiao-nan. Ground improvement manual[M].
Beijing: China Architecture and Building Press, 2008. (in
Chinese))

[2] SHERWOOD P T. The stabilization with cement of
weathered and sulphate-bearing clays[J]. Géotechnique, 1957,
7(4): 179 - 191.

[3] BELL F G Lime stabilization of clay minerals and soils[J].
Engineering Geology, 1996, 42(4): 223 - 237.

[4] LO S R, WARDANI S P R. Strength and dilatancy of a silt
stabilized by a cement and fly ash mixture[J]. Canadian
Geotechnical Journal, 2002, 39(1): 77 - 89.

[51 3& B, THEE, ¥OME A KUES B i LS5
SRR T[], 5 TRESAR, 2006, 28(4): 436 - 441.

(HUANG Xin, NING Jian-guo, GUO Ye, et al. Effect of
cement content on the structural formation of stabilized
soil[J]. Chinese Jounal of Geotechnical Engineering, 2006,
28(4): 436 - 441. (in Chinese))

[6] ROLLINGS R S, BURKES M P. Sulfate attack on
cement-stabilized sand[J]. Journal of Geotechnical and
Geoenvironmental Engineering, 1999, 125(5): 364 - 372.

[71 SARIOSSEIRI F, MUHUNTHAN B. Effect of cement
treatment on geotechnical properties of some Washington
state soils[J]. Engineering Geology, 2009, 104(1/2): 119 -
125.

(8] #H#E K. AFTE[M] Jbat: fb2z Tk i ficdk, 2008
(JIANG Ting-da. Lignin[M]. Beijing: Chemical Industry
Press, 2008. (in Chinese))

91 % %, INEE, BREE, 5 BEWAgER. KRR, 4
FRK LW R SR 4401, 2009, 26(10): 938 -
942. (YAO Mu, SUN Run-jun, CHEN Mei-yu, et al.
Development and utilization of plant cellulouse, lignin and
hemicelluloses and so on[J]. Fine Chemicals, 2009, 26(10):
938 - 942. (in Chinese))

[10] CHEN B. Polymer—clay nanocomposites: an overview with
emphasis on interaction mechanisms[J]. British Ceramic
Transactions, 2004, 103(6): 241 - 249.

[11] TINGLE J S, SANTONI R L. Stabilization of clay soils with
nontraditional additives[J]. Transportation Research Record,
2003, 1819: 72 - 84.

[12] SANTONI R L, TINGLE J S, NIEVES M. Accelerated
strength improvement of silty sand with nontraditional
additives[J]. Transportation Research Record, 2005, 1936: 34
-42.

[13] KIM S, GOPALAKRISHNAN K, CEYLAN H. Moisture
susceptibility of subgrade soils stabilized by lignin-based
renewable energy coproduct[J]. Journal of Transportation
Engineering, 2012, 138(11): 1283 - 1290.

[14] XUkaE, SEZE. FTAEVREER] ™ fABTR 1 LA E
PEIRRE A B E, 201010271040.1[P]. 2010 - 08 - 31. (LIU
Song-yu, CAI Guo-jun. Lignin-based bioenergy by-products
to stabilize soil: China, 201010271040.1[P]. 2010 - 08 - 31.
(in Chinese))

[15] INDRARATNA B, ATHUKORALA R, VINOD J. Estimating
the rate of erosion of a silty sand treated with

Journal of  Geotechnical and
Geoenvironmental Engineering, 2012, 139(5): 701 - 714.

[16] GOW A J, DAVIDSON D T, SHEELER J B. Relative effects

lignosulfonate[J].

of chlorides, lignosulfonates and molasses on properties of a



680 Hs

2016 4F

soil-aggregate mix[J]. Highway Research Board Bulletin,
1961, 282: 66 - 83.

[17] KAROL R H. Chemical grounting and soil stabilization[M].
3rd ed. New York: Marcel Decker Incorporation, 2003.

[18] VINOD J S, INDRARATNA B, MAHAMUD M A A.

Stabilisation of an erodible soil using a chemical admixture[J].

Ground Improvement, 2010, 163(1): 43 - 51.

(191 XA E, 5K W%, EEZE, 5. EWREIRE™ AR RN
W AR SR SR )], ThE AR A4R, 2014, 27(8): 1 - 10.
(LIU Song-yu, ZHANG Tao, CAI Guo-jun, et al. Research
progress of soil stabilization with lignin from bio-energy
by-products[J]. Chinese Journal of Highway and Transport,
2014, 27(8): 1 - 10. (in Chinese))

[20] INDRARATNA B, MUTTUVEL T, KHABBAZ H.
Modelling the erosion rate of chemically stabilized soil
incorporating tensile force-deformation characteristics[J].
Canadian Geotechnical Journal, 2009, 46(1): 57 - 68.

2115k &, XIRE, ZEE, 55 TR AR R SR B
Bty LI BOUHLEEBE ST D). 5 112, £5T. (ZHANG Tao,
LIU Song-yu, CAI Guo-jun, et al. Research on the
stabilization microcosmic mechanism of lignin based
by-product treated subgrade silt[J]. Rock and Soil Mechanics,
in press. (in Chinese))

[22] ZERHAR. VRFA S8 1 PR () RO SR Rl — 20 & TR R
M. &E TR, 2013, 35(1): 1 - 33. (LI Xiang-song.
Physical and mathematical bases of elastoplastic theories on
saturated soil-In memory of Professor HUANG Wen-xi[J].
Chinese Journal of Geotechnical Engineering, 2013, 35(1): 1
- 33. (in Chinese))

[23] DAFALIAS Y F, HERRMANN L R. A bounding surface soil
plasticity model[C]// Proceeding of International Symposium
on Soils under Cyclic and Transient Loading. Swansea, 1980.

[24] RUSSELL A R, KHALILI N. A unified bounding surface
plasticity model for unsaturated soils[J]. International Journal
for Numerical and Analytical Methods in Geomechanics,
2006, 30(3): 181 - 212.

[25] ROUAINIA M. A kinematic hardening constitutive model for
natural clays with loss of structure[J]. Géotechnique, 2000,
50(2): 153 - 164.

[26] BAUDET B, STALLEBRASS S. A constitutive model for
structured clays[J]. Géotechnique, 2004, 54(4): 269 - 278.

[27] CHEN Q, INDRARATNA B, CARTER J, et al. A theoretical

behaviour  of

and experimental study on the

lignosulfonate-treated  sandy  silt[J]. Computers and

Geotechnics, 2014, 61: 316 - 327.

[28] LI X S, DAFALIAS Y F. Dilatancy for cohesionless soils[J].
Géotechnique, 2000, 50(4): 449 - 460.

[29] GAJO A, WOOD M. Severn-trent sand: a kinematic-
hardening constitutive model: the g - p formulation[J].
Géotechnique, 1999, 49(5): 595 - 614.

[30] BEEN K, JEFFERIES M G. A state parameter for sands[J].
Géotechnique, 1985, 35(2): 99 - 112.

[311] YAN W M, LI X S. A model for natural soil with bonds[J].
Géotechnique, 2010, 61(2): 95 - 106.

[32] KHALILI N, HABTE M A, ZARGARBASHI S. A fully
coupled flow deformation model for cyclic analysis of
unsaturated soils including hydraulic and mechanical
hystereses[J]. Computers and Geotechnics, 2008, 35(6): 872
- 889.

[33] LI T, MEISSNER H. Two-surface plasticity model for cyclic
undrained behavior of clays[J]. Journal of Geotechnical and
Geoenvironmental Engineering, 2002, 128(7): 613 - 626.

[34] DAFALIAS Y F. Bounding surface plasticity. I: Mathematical
foundation and hypoplasticity[J].
Mechanics, 1986, 112(9): 966 - 987.

[35] DAFALIAS Y F, HERRMANN L R. Bounding surface

Journal of Engineering

plasticity. II: application to isotropic cohesive soils[J].
Journal of Engineering Mechanics, 1986, 112(12): 1263 -
1291.

[36] ANANDARAJAH A, DAFALIAS Y F. Bounding surface
plasticity. III: application to anisotropic cohesive soils[J].
Journal of Engineering Mechanics, 1986, 112(12): 1292 -
1318.

[37] Phaddik, FRIRIR. JET R a0 AR T I & ok - aAs te
IR W], A+ TR %R, 2006, 28(8): 1033 - 1038.
(SUN Yi-zhen, SHAO Long-tan. Experimental researches on
Poisson’s ratio of silty soil based on local and whole

Jounal  of
Geotechnical Engineering, 2006, 28(8): 1033 - 1038. (in
Chinese))

[38] YU H S. CASM: A unified state parameter model for clay
and sand[J]. International Journal for Numerical and
Analytical Methods in Geomechanics, 1998, 22(8): 621 -
653.

[39] LIU J, XIAO J. Experimental study on the stability of

deformation = measurements[J].  Chinese

railroad silt subgrade with increasing train speed[J]. Journal
of Geotechnical and Geoenvironmental Engineering, 2009,
136(6): 833 - 841.



