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Fig.1 Typical soil water characteristic curve and soil
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Fig. 3 Comparison between predicted and experimental

values of shear strength of different models™'

TE N M B0 5 5 B Bifi W 7 A8 Ak i 56 0 52

1, YE 882 00 W1 A6 B ik £ 3647 7 R 1 A =l i
B, 5 024 % N 100~400 kPa i, 5T 470 5 i
IO AR AR AR AR Sy 1 AR B AR s FE AR S LA R
S AT SR T, WA RN BEE A SRR AN
A5 AR AT B 5 R B I T 2 M BG hnE HA
ZHANG 5574 R BH R ik A4 R 58 X 4, i@ it

0 R0 V5 VR 25 ST A R Al 2 - % R R X i
T 3 AR 5E T AR ) Z 4N AR i AR Tk 1
WK =J1REME . Ah, =l By 10 45 S R W, Xt
%% B A ) A e SR Pk, W BRI g -
7 T R U (L | 5 R R AR AR A A R 5 W v W D
T AR K A 5 A B A (AR B L N AR A Ak R
AR L s R OE A B i A A RN BT AU
T3 % S A B B = AURS R K T B O ik L 1S
TR ) e fURLIRL AT A5 g 380, I X RE Ak 4 0
{E 38 B 1) DT R I 4508 -

FEF IR ZAT Ik 3 2 R R
R BET A BRAE T LS . N, KR4
S i 1 ik SE M AE B A B R BB RS KR
Pk v, ST g BRALG, 2 T X R RK - b B 5 R

SN, LIANG 45 PO MR 408 B ik + 78 52 2= RN 2= 11

Fr oK AR SR A b X B ik 43 51 7E A T
T ARKRAUR R B ) e ) T 4T H BT . WFoE A
R, Y L5 KR 16% 38 N2 34% B, P4
Hhy DX K A= 1 5 R 53 s/ T 71.8% F 74.0%
PN EE 38 A1 2 BB/ T 93.9% F1 68.2% ., 1T UL, g ik
BB iR EE A KB B, % K R B U
JiK 0B 5 S 2

TR SEC A A ) — i R ik 4 B 8 B A7 1 K
B B RS ol R BT V) IA 5
S5 IR I AN 5 ) R 2 R ) AR RN HE
JP KRR KR B B . A, IR AR A
KRB BY % AR K T 45 A G AR
WIFP Wk R AR AT T e AR
4 X 55 PR R J i Bl 55 7K 3R 4 1 T S 2R M T R
P KRG Z B R RHEEOCR

25 BTk AT UL E K AR (KRBT ) X K
PUBT R B S 0 Y S R . ORI, — T
15 = e o 1 A 6| N QP (B3 £ i 1o = S e o A LT )
KA RS2 B, T T 1) 2 2 ke i O I B M
M RORL I A1 S S5 (7K 38 e A el AR sl Rz ] B
K A B R B A, 2 B 2 AT R, DA 65 B AR &
ARF R IR AR TE . 5 —J7 i, B ik £ b oy
558 JEE AR AT 11 5y — o i PR K R T = [ A T
EHAE R K 20 1= A 28R
1.2 AEAFZEEXEGTHEKLHEEE

b PR BI K A R A s R £
RS IR A AR A X PR AR b 2 T 80 R T
AR T R e LB BT R . — ELDOR T %

A5 M 3k http: //cslgxbzk. csust. edu. cn/cslgdxxbzk/home



4 KTk R KA ER)

2023412 A

JEE 6P 1 T 0 B 5 B A S 1 s et 2 A S AT
KEME S . HARSFEZ UG T B3 K,
JHK = BRI RN AE A 1 [ AR 5 7 b T FLBR
RGN, IR 2 (] B %, AT T
L[] Y 7K B RS B, A AT B o B AR SR L Rt
ZAh, HIE SR T AN A I K T B T AR R 2%
JEE AT A 0 T bR AR R A 1) B ) 5 ok B
AR SRR RN I AT HHRA T
9 P — A I a1 A 2B S A X L B iR
A 52, Of HooE R 5 T % B 2 R R — 1 L
Bl ZY RGNS FiRgie e —E. B
B SR FH AR M A0 =l SO0 T P I ik 1 R T 5
BERE , U T AR [R] T8 B AN HRE R ) -
AR F, LA R A A YIRS R L AR 22 ) 2 75 A7 AE K
ECE M), Fe 89 LT 4598 T B OR iR
P FRFLAR /N, FLBR 22 B] 9 3% i M 22 . b4, ik
5 A5 3] 9 7 g — 07 725 1T 2 5L B Ak AR Ak Y B R
B BV N B B — I B 5 N - Ry AR 2 SR R
HOAH B AR A R B

SR ARZEAN )% B A T I Pk e (E R sk A
55885 11 AR Ah R X S A AR O e T
IKELL K AR fr a8, T T 2k H 356, 98 T
T W R K BBy R A VR AL, 48 s
W {1 588 5 32 T %88 JBE B M A A T % % R R I T
JE B mIC B B AR b . SCrh R s A T AR AR A
o T S K AR R O R, R
0182 AN HE G 0 Fe S BE A O R ok R R AT R
A
1.3 ARANARSEGETERLIRERE

H AR 100 3 28 b A AR o R S i, HG I 2 1T 1Y
MM EAERZE S E . WIE skt
LA AR B R 2 R R L R R A
FZ YR h<1.5 m) I, W5 Sh i F 69 % 5] 1 F
AN K F 30 kPa, it b B 55 128 56 A9 25 1m) I 7 (50 1§
100 kPa) B¢ FL = il 55 U)X 55 19 5 /)N [l R 2L
INGS BRI, — St A B A R R T
TAHSCHESE . Horp, &7 3R S0 2 X R K £ I
Ji& = [ 45 HE A S, A BRAE T IR AIE P UCEUAH
) A 175 50 T, 52 MR BE BY 5 J32 4 A 1) PR 38 4 52 i i
JE R B/INHEF AR e LS Be L 4 TR A B AR
Pl Bt 5 40 24 ) A5 56 7 08406 21 5 19 B BY i
PRI, H6 I K BT BT R B RS ) g 4 n 2
I B 0 R B BRI IR ) 5 T AR 1 5

JEFR AR A AR B AR R MK - 2 3 R
FR 52 PR A JEE 1 e, X0 P T I I O R T AN R AR
FIZAET W L ST R 25 R R RN )R
F14 S DNMEL B LS vk LR Il U 75 38 B9 7k A o B2 (LT
AR ZZ X UG AR PR A5 ) I K £ 3t
BB B A BERAE H L SR

SR UL, 1K R AR A 5 R I K K 4R
SRER, T WU SR KA ALY Y e A A5 R T
JOE 3 AR 755 i i i = e 5 o R e ek i 2 R
AR AR TR | i 4 o A O RSB . =
G o 2 K i A0 R P A R e TR R R ik 4
B 5 KE A R2 R [ 2K, Herh, 35 K SR AR A X BT 5T 5
JERM Bk

2 REEMEXTRAK T HT R B B S0

BRI £ 0 = REARIE Z — , 2
i W - o BV i WD S AR R o SR ) A A i
i - g R PR AR AR A SR A 2k S R 2 TR
b 5T S A L T (] S PR e i
Je H BT I3 A S A A BT A
LR T A, BT A0 E [ HE S S BT K L R
10 2% ) e PR K b R LB AT A3 Sl P A
— PR AE AR R T 0 ~ 3.0 m P, PR MR A0 3R 1
A B AR 2R 5 5 — PR AR TR AR PR BT, 1% 2R
Je PR A e 4 7 T AN B AT T HE R A i B
R A5 W X A AR AR R
7575 J8 LB 2 K e 9 56 JBE f) 52 ) i, 75 22
FIB LI R RER AR .
2.1 R RBEX R AK 5T 58 B HY 20

2 K e ) 24 40 B S B L 2 ey D SRR AR BB
FEA SRR LTS ER . SR, 5
S AN B A 1R S R A TR R SR I A A
P 3 0 e R 5 A 45 R 0 A AR 5 R Y 5
VAN A7 O S NG ) B B K
THRAEER RN B, HR R R E kw5
FOHYUBT58 BE SU R . B TR AR PR R A
F1% 5 JEE ()BT, AN 2D 3 R T % R BROUL 25 AN T £
FETT R 1 % NI a5 e 4rdr . £ 55 s
PG AR BRI X AN TR OB RRAE BR AR T 9 12 ik
b A BB S R AT AR I, SRS R AT AR
JIZAFT RIS . BTSSR 7S 1T
AN B i 66 2R 1 AR A R A e A RO EE R A 2 T

A5 M 3k http: //cslgxbzk. csust. edu. cn/cslgdxxbzk/home



F205 % 64

B, F IR R A BT R BIR AT 5

AEINIG G AN F SISk <
BEA RIFIMETERR
J5 B A O R IR R RN - B U R TR

']IUJEQH JU1R S, LUE SR U K E e 2 T

A EEZ NN PRS- AN . e S 3 I A SN )
Eﬁﬁ/l\ﬁﬁﬁ‘ﬂﬁﬂﬁﬂ&iﬁﬁi—éﬁ%VIF RRTA TR
T K A B FE SR 0 R0 PN EE AR AN T AT, Y R
JEUW J1/NTF 200 kPa R, T RRAEFR S 90 1 BE 45
A B IK R S TR 3 T IR AR PR A
MEB L TRE ., REFEEYE S AHK Y
RIS RIE T AR AR S 78 TR A6 0 T 5
(R UG L o WIS R B, SR FH L B 4SO 48 1k
A7 TIRAREA T (Y i B 0 75 21 19 45 5 5 JL 52 ]
ENERZYTE 2/ @RI FINI awETE DB 31 ]
BERER, T A PR AR AR B AN AS o ) 58 251
K 2P RE 25 AL IS I 5 b A B, LR I 3 1K
TIRAEFAE T K 25 5 18 71.0% .

kg 8 7R AR R TR T IR A PR R I K - i K

FF2LREME  CHANG 550 i v T RS A LA 48 T
TR TE T 1A B U R B A R v i 2 A R
15, IF R H 1 4 f F 2 53 5 (scanning electron
SEM) 1 X #F £k fi7 4 A (X-ray
diffractometer, XRD) 43 ¥71 T 7£ BR I T 1248 24
Ji R I = 0 TOUE 235 48 RN 49 2H B 22 4k, FE AN TR

S 2R & SRAF DL AN 4 Fir R o FEIGZ T, A
T A SRS BL T 3 5L 1 A A (computerized
tomography , CT) £ A 51 88 i ik + 76 T 18 18 2 1o
FErp SR AL TF R TR ARG, N T
ﬁﬂﬁ”lﬁ?ﬁﬁTE’ﬂﬁﬁ?ﬁ?%/\Jﬁ 3 T 2K 4

%

LR Ko I Y

microscope ,

19%

% (a) pH= 3
17% (b) pH=5 %
15% %

(e¢) pH=7
B4 —kTFERMAKGE R LR E S
Fig. 4 Crack development of sample with different humidity

after one-time cyclic drying-wetting*”

TE T MR8 PR F T 19 i 40 722 T8 J2 K A 30 3 19 45
Wo AT TEOW A EE 23 B I i 45 B2 5 IR AR 2R
YN 2 ) S AR ER AR, B ARV R TR AR
BT IRAEFRAE N BT R Ak R i AL AR 43
A S, R TR LA T AL R AR LS T A6 2
U Z R 2SR . g 45 R R, B Kk 14t
B 5 B %) B AR AEAR R AR B b A DA IR A PR 3R
T JURL ] IR AR O 0 A AR B R A i A
TANTT I 2
2.2 RAEHEXT A L U E 3R E AR

H X B A U SR A, AT 2T 1506 3=
JET] LR A SR 5 K - )2 R A Y e A 2
BRIR A — R, NI Z 0L T 5 3 % ih 3 e 7 AR 1
HORFH

— BT S B I AR R T IRAE R A LT
KA A TR RIUT — & M Y
JitiJ5 AT AR BB R Rk R I R R X AT
Ry S RGeS ITEA R D =N S A6
T 4K, 18 B Ak = v A 22 4B T B 3 T A
DL It Dt A SR B0 T e 1) ) A 3% EETTT’EEH
). ZERE TR e Xt R A BRI o v & 3R, B
IR AR T 4 TR g BH R K - 9 38 1 3 A 1 AR
SLBRRECRT 73 R P FP AL . —J2 0T R B, —
BFRIT — @ R AR . R K
R R 1 S N S = (TN o -2/ L B o N
A, Y B A A N A 5 B A 25 0 . 2
2 5 335 1) — SO, A AS BT sk G bV 24
Wt IF i A 9 3, DT 368 ™ i A J SR o Tk, i
P SO B = b 4R T D 3 D A 2 T R
W7, R T BRI R T 50 m R, ekt
SEHIL X G 2 T 2 40 4 R AR 0 B v A A AR
BT VR A 24 BT b N AR T AR T
558 5 AR /N L TG 125 45 1 0 - A4 06 {1 R 0 4 o 32 A G
2518 o AL IZ o JO X Fh 22 b AT TR,
FERFATIRANE M. BT RZAK b iy 24
TR A2 2 A oly , B /D B8~ BB AN , K2 8L
TR W o FI ) B E N R LR P W v o 3 U N T 195
iitlﬁ ﬁ“ﬁ)]ﬁ&ﬁzaﬂlfmé BT . £ XT

X [A] L, A 7R 4 7 R (1) R ik + 4k

SR

T =ST&'+(1 _S)Tﬂ (1)

SV T AR I S N3 YT o 2= /L
5B 5.5 DRy B 2ok BT T B4 SRR D T AR B U TR Y

% A& W 3t http: //cslgxbzk. csust. edu. cn/cslgdxxbzk/home



6 KW mIKkEFR(CH AR TR

2023412 A

HRZ .

o A RE A Y B AT AU K £ 44
SR JEE | - B JEE | SR e SR R =3 2 T AT LG
o SR, QAR AR bR 2 ORI R B T 5
JEE , D5 AR AR - MASR JEE |  BResiR B DL R  BR
TR S B D) T AR A L), AN R TR A A
A1) FLAE I 2 - ) SRR T 56 12

X HE SN Ny i A 2 B R B i A i
w32 Bl RE 38 RE R AN 3 5 JiK 4 500 A M 5
PEFTR 72 A 08, B B A0 I K - fAoi B A
AN BIIFER o R D A 2B I K 22 BRI
OGP, 2 FEI00 B2 B B9 K 1 A L, X FR R
R 00 A7 HOBER, B4 SRt i i /N A7 AR X
GEAJNTTRNRIE) G e S DA Ay 2 PN S E 8.y Q) 1 4
AL %02 2 3 7 A T WL A e i I - Y i
3 S LB T B | s B D e b AR B = 4
AT R ik 5 R B T MR 5t Bk A 2 O R
AP IR T 52 HE ) T Be A R AR TR AR R A
T R RARAE e R AR B CTH AR K S
X £ 2 75 URE IR T 56 13 3D 94, AT 34 2R B
TET P R 000 A1 60 B B e R FH = Al 36 07 9 Xt
FETT R BT U1, fe A 1 o AIF IR0 26 A
PR SR P 2L T T B 2

g5 LTk, TR AR T E IR K 4 A 4 A
P, DT i UKL 18] A4 RS 45 PR A2 555 o AR I ok
IKVERE 0 Wy 2 DI P I A 75 K I I 3 A
B AT AR WL b T 2 A
e S5 A6, S B AR IR T BRI, 05T 56 B 5K 1T
B B G A, AR TR PR A ) R
Hh S8 LR A 5 3 R R SRR ZS AR AT O3 T AR
PN Sy A, ELC R 2R AR, — BB JRSE 1) 5 1 3
(1) e, 3BT A28 UR B SCAE S AL 7= A 9
PRI, IR BEE I 1 2 K e, 24005 ¥ 5L, B
A TR W L

3 HBEIS TN B 1t 5T 3R A R RS
K L By [ 45 P A e A o ol e
g 2Rz e BT D ORI AR R E
23R B 58 4 BUH R4 [ 25 R AED . DABE
JE LU K e B AT A5 PR R K B
Py sz ks 1, — ELIF 2 55 B, I 405 1 ) il 2
T, AT 0 38k R R RBEIR o PRI, o [ 5 P

BB B

Febr b, LO AR 20 28 70 4R AR SN
P61 25 P 2 2 ] 52 Wi J2 K - 5 B 9 TR R AT T 4T
FO B3 o fR T R S 0 TR Y b A A A T
S5 I K A HEIE [ 45 A ELA HE R A 45 44 55 5 FK
SR, I BEAE T AP AT I R B B0 B AR
R Heom B AR E 1k o AR, JT 42 1 3 9 5 e M
b SR U R — AN G R R T KT
B MK e A A A 2507 S L TR I 45 8 Y
R, DR, B2 B oy 7 A e HG 5k B R R AR Y
ZABR L DT 751 72 AR A S5 Ay (R IR, 0 0 38 1)
SE B A TR, — 2P TR R,
S T

H1 TR Z2 5L R BUAT 81 245 11 g /N 1 ot [
S5 7, FEE BB 8 3 18 A A5 BRI, A
[[IBEILE NG =€) = S i N 8 R
] 6 P9 SRR T AN SRR TR [T 4 e DRI R LA S
JO7 73 173 SR SRR B K - 0 09 9 S AR o R T —
JebE b 1, [E 45 - A DA (L5 JBE g ke A iR T 1Y 22
(E AL, T IE 8 191 45 - Ay 06 {56 38 5 B A i J3E 1Y
DS/ = (UL 5 ) o

)iz 71
i I 245 1

B S5 #riteyp -1tk ibag™

Fig. 5 The stress-displacement curve of cohesive soi
SHEAHAN A5 56 JL > 2 4 S0 i I T2

1 e8] SHEAT T BRSO3 T, S BN A R 22 B0 i 5
1) 301 B TE DR Hr — B I [R) A28 5 0 & A T i 3
N o T R R B4R #  H BY i E H SE R
P B B A 0 I ARG o o (7] 45 1P 5 2 ik - e {1 i B
5 R A B A 25 e T O 2 X S 3 T
B O T R 14 10 A A RS T
Yo, ELUS shim AR 2% . LAN ZE 8 e % &
R K - F BB R X i 3 A kR R T 35
T ER S B ECSE R S AR R R T . Rt FE
AT HRE PR TH I, Ny SR FH i B A A5 1% 3% 4 it B T
AGEVEAE SR . XA B Y I A R B R S B

llﬁzJ

A5 M 3k http: //cslgxbzk. csust. edu. cn/cslgdxxbzk/home



F20% % 6

B, F IR R A BT R BIR AT 7

A8 320 395 e AL, T S SR 3 A% 5 B2 A A 3 R AL
AL T AT B 14 22 4 R BOE AR, AT S i 38 Fie A1t
WERLZARTOR . HAHh ARM A il i gk
W T R e i B A (e B T D 5K
TG I A PURT B AR . SR, EE B AR 4
58 5 22 1 2 R T RAG I I 45 4 58 B Y UK
FER AN 22 JC)L, IR O B R 25 T R+
(1% 25 Ay ) T LA B o ) ) 4 B 2 R 45 A T
DA 58 B2 T [, 322 M2 K B (1 45 2000 /9 55 — il
RIPEA

N T ARAS AR (A T Y B B AR AR T Y
JE | RBR AR AR OTEHE K ST X R 0 T 45 1 i
SAEREAT T =M BT VIR, IR A A A IR 22 B
PEAT T BUEAR AL, 38 5 % 30 AR T 2o 7 vh R A
PR AE A 23 BT 45 U 2 2888 R — A8 s
RPN I K 10 300 R PR AN PR A, R 22
ARE R BORT 1, TR IR B AR K B —
ERTEOLT AR 2 B AR . R, e 2058
G F AL D 45 44 o i K 0 39 A i B MR TR 11 52
Wi , £ 45 SR T SCHRPE B I A8 | e s R AR T
WA

2R BT AR O B 2 A ) 24 SR A 85
B, 7 T o o 2 ] 455 R A JE A LA
4 H I M 50 5T 56 5 15 Se 0 181 45 T g G IE AR 5%
KRALA o [RII o [P 45 e JRE s R, phy e {5 2 3ot
U8 2 A E 5 IR A I I e A ) AR I S OR BY
56 L IR BT 4 7

I AL AR PRy 7 e o U RS
Bz — [ 5 o (0 i e {5 5 R
5o JIE 22 ) PR 22 S B Dl A0 3 o B i R i ' ) [ 4%
VS i ) | NI ) N B i v WO RV
FAXTRRRE 1Y o SR, 03— ELWOT 42 B i , JL [#]
S50 2 B, T BOR AR R AR . I, [
L P N2 M - 0 3B T R A SR I 2% 52 B AR 5%
frle A . 5 e[RRI 7 1T 5T
FHRS S, IR 2 — 2P i

4 ERIEEFRNEZESITE

2 A B8y = ol R R A S P bR AH LG HR HL
FEZW R . K - KA A e S BORB A &
I 1] 445 P AT $1 2% 1, 2B 7 e JEE I FL LA JE
BEHCE e T kg REE . e Ah  RBR AR E

X [ 45 R 2 ] AT — 5 Y fie R AT T 5
TR [T 235 R SR )X K A A R e AR S
TEAT o AL R BORZSHEAT PPN SOk
I3k 246 P R 2 M TR R A A A AR AR PR R, 2R
PER ORI R R R R S5 P25 A Rk R R
2K i B2 AR Sl AR B It IR 5 K - B B =
FFRERTE IR AN AT 7y

AU 5 2 B EE, B2 K 4473 9K 2 —Bh b 4k
b, BT A SR - R G SR BEE . AR K Y
iR JEE B 17T 3 B — e 28 e 0 e ek i R B i
B R o X T SR R 2
AL BB BT FE A A, B0 A R B A BT
IR JE AN A4k, ARG AN R AR s
SR, K IR 5 S A S5 LA, WK A
2 182 T 2 7 5 50 A TORE (R BRI R [T R AR AR
R IR K K S S B R A
I7) 4% B 55 45 48 1) 2, 35 SR R LT 9A E AT pU DY
JEUI, LA 2 0 SR AN 8 S RS2 P 2 K - i 35
TARAYBEIRZS 3t 3 A58 B2 98 AR 5 — B
L6598 b W 27 2 SN i i

H T R R i R R A 2 T R i
HOA [F AR A FRAE Al B e, B L E 2 32 6 A F)
A 25 %k SR 1 5 00N B A R T A A i 25
3K A AR T 2 T 2 M o 2 B ) S 58 JBE 5
MELLAER TSR I b B HL ST SR B . T ELA AY
A 5 32 2 S LA R 6 J3E B O LRI Y, £
7 55 10 055 AR S I A BB R ) BRI LA K
W 3 AH O B I B 5 88 o AR o A 5 R 2 2 =X (2)
JIT 7R

Tf=c’+(0'—ua)tanqo'+rs (2)

A AR AN R B 5 ¢ IR T A AR R )
@' AN - A RN EE A 5 (o —u,) R R 1) B
T3 57 R BTN 75150

O Fife TR M2 I = 0 B 58 8 AE AN R K AR S TR 19
ARFRHAE , VR 220050 T I AR AR [R] 5 K R
ZE0E T IR B o 2 19 AR A, DL SRAE B AR50k 32 A A
PERUHE . BRI, X0 5 3k 20 1 ik Xk A 2l 2R
T3 B ARG N BEAE A BRI o B RIS T o 2 B
IR AT T 25 R M PR 2R 3 ) K 5 R I, E
B 2 B0 K B 5ik B AR AL BB 5T, JEHOE A
Tl L 0 it R M i 82 i B 5 9 R s D 14
HLEE . R, ok 2815 i ik 1 B B S Bt 97 98 2
Ei=E

A5 M 3k http: //cslgxbzk. csust. edu. cn/cslgdxxbzk/home



8 KTk R KA ER)

2023412 A

A IR, K £ 00 22 01 2447 R 32
LS5 RE P, VU S5 B AR 285 B pRBRAE T I
WK = A OB i al HES 48 s T A AU 2 A X
TR R REPE I s2 e . B SEM 4 AT 4% R 19 &
J'& , SEM & A BF 5% 18 25 0] 43 B 56 2 4 GO0 25 4 A2
B AR T H . SHIN %8 K F SEM X B0k
i = 1) SIOUL 45 44 TF e BF 52 )5 48 L 6 26l IO 45
A (%) A B 3% A0 2 I 8 F A B2 K 1 R K AT oA
Kb

AL-HOMOUD &' — 25348 T R ik 26 11k
W25 48 55 IR A6 0 2 18] 09 5 P A DG . KATTI
SRR — BT I AT 4R B K (CUS) 26 8 5 SEM
AL A X ik £ HEAT 05T, & B0 ik 0
AN A T SO Ak 7 34, TR) sl AR R~ BH
P/ A A TR 53 Ak B /I R SO, G L 6 T

AT ST b IR RIS ik A s
PR, {6 B BK = 76 9% 07 I B 98 AS P45 BR 7
E PSR BB, X IE A 570K FH SEM B AR X 7,
BT M AS [) 2% B T 1 55 93 B Ak + 1E AT T 0
LI EG AR AT A B A E B R . ARk
B, RS A Rk ks T KO 2R HES , BRI E
e, T A% T S R A LM R R T R
B A S R e R K Y A A TR] A DA
e Y. > o —— g

o4

(a) FLERHA &
B 6 RFRILIRE T ESEM A

Fig. 6 SEM images of expansive soil in different hydration

environments '*”

(2SN 7 S ERRR/E S L NI <R
I3 B, X AT AE 2 5 B POBRL SRR 2 18] A 2 i
Wb TR KL 5 L 22 ] B 3 22 o B kL (]
P 2 455 5 J32 M M R A R 458 2 1) = 2 TR AR
G TN JR2 K A 42 foh T 2 458 A= AR A, T B S BI0A AL
PN EE AR I/ o T — e A8 BT 5 9 BRI I F AN
S e A v e U P 2 K AR 48 2 2ok i v AU % i
T A A o e RV fih T ) o4 28 7 B2 K - 470 BT 53
EHABRMZSE, TREK 5B
A D o [l i TR R A A K £ Y

WURL 2 18] F 3 T K, Ok 5 0k 22 8] B9 BB S 1o
TSR ) (YIS 3 B0 AN K A SR
AL S i o R (A

O A A 5T 2 B, Bt B2 K A8 T 19 348 o, 4 i s
i B0 AT SR B T R A5 VN JRE A 4 R T T U
DELIKTAS %67 WF 58 & 30, R R K U0 & A 7
AN R KA T | A 25 5 | R B B 5 B 1 K T
FEJG B A E LT Bk £ 7 K I AK )
Ho B LT 58 4l o mh AR SR 5 = i 50 o
28T Ik R 0 BT ik 5 B 46 Xt i ik 4 AR R AR
P B I T T8 B e 3 R 4 52 M S RE 2205

F 7 — R A0 R 1 AN T BT A B T, OF
ANZ5 8 A AR A ORI K DA R 36 o A e 1
7 % fih T A AR BT A A P R A A RN G R T B
BRAR X G SBR S B . SLhR AR A 4
PO O 98 B S PR A, L 3 5 P W T A R AT A S -
KrIE] A I K Ak Bus T (7)o g4 2l
A F A Ty 2 BRI R i+ 2 240 00 45+ HE S
Y B85 X AR A AN Ak 1 38 A A i X — o
AT T BT 9 B 8 bR A AR AL SO Bl A R R
T RN K WK S S A G ) ORL & A
JE IR B 0kt R R R B (I 8) X

byip TR 2
R 351 RG]
i 3 TR K
FLES FLEK
/
E[SAEIRS A+

B7 —&dktateLigigadsz

Fig. 7 General humidification process of unsaturated soils

B8 ikt ik L ERIKIGRTAE

Fig. 8 Humidification process of clay aggregates in

expansive soil

A5 M 3k http: //cslgxbzk. csust. edu. cn/cslgdxxbzk/home



F20% % 6

B, F IR R A BT R BIR AT 9

Fobt o3 B BOA AR R AR o AR SR L (b
k) — By kL (R AR ) £ filh 1) 3 07, TR R 52 A 2 1
P i ke A0 2 JURE 1) 0 I, 28 R Bhr (BORD R ) — %6
L fih oo Tl 4 ik T Y 28 1 S BIOBE 9B ) R AR
A AT (A 20 P JEE 48 A D/ ok 28 TR 3R 3 ] i
J TSR B P B R AR R R, AR T R
Wl , PN B AR AR, 5 B 2 TR LR
IR, X TR A A £, 2578 AN [R] il s i b7
a7 2 T BEAT 39 U156 i, 2 K - R A T
JE A A Mt 23 K R AR A, S PR BT D) 2 A T
N B GRS 0] 7] O S O e A - ROk
B AR PR A HFAIL , 8 i B AU A A5 2 A U A
RERG ESC IR I N B AT —E 22 5

5 FERK 158 R BLIR IR 06 36 E

7 JE B A =R ASORT L S B SR K
R R T 0 R A7 o) 5 U0 R ) o R e
SR St v o AR BT B (I 9) IR R
GV RN G S N E R ol A | = W S
PP 3% o XM 7 o 1R I 52 31 1Y) b B Ay
A5 LURE ) AR 0 N2 e 2 K T R ELAR R A

HAE I

B9 HEH s 1 RRE L AT X RE™
Fig. 9 Direct shear test considering the constant volume of

soil samples before and after shearing ™

YIRS Rl AR T R RE 32 2 )
YA RO A7, 123 i 0 AT SR v B H 5 8 B B Bk
56 1A% e 25 SR L Sk [ 73]

A5 38 35 2 R K A R BT B 8 B AR AR Y
SZMR, DLBSUE R U p A Rk . B, A S A
W46 T A0 B2 AR [R) (B %5 AR W] (1.60.1.55.1.50,
1.45.1.40 g/em®) /) H L EL BT 300 B0RF | R JE A
YIALFEBR WL 1. RIS, I A [R) L 7 g 28 % Bz 11
A {5 8 RN B 58 R (4 0 BT )AL 2 7.0 mm)
IFMRE PR SR EE S AT A C R &G 15 2
T R IR AT AT B 5 R e b, DA T SR IBCA A
Bt 5 5 L 48 b B T R /N K Y AR AR AR
I EE L 10 s .

x1 #EBKEIERMIIEAT

Table 1 Basic physical and chemical indexes of Baise expansive soil

L X T/ . . ) .
vk | stk | SATER D e | i W/ 3P H5 H
TR R PR A + 17.9 17.2 82 56.3 21.4 34.9
W PR K | ZR A R e T A 0L I e TAD N T BRI
- K% KU % (m?-g™") I3HU% 550 % EU%
2.75 5.0 18.6 215.8 0 52.1 47.9
20 ——————20 20 20
18 e i 418 18| i
16 2= —16 16 - o 16
< S <] - < o = : R
ng 14 _ - — . 14 o :_: 14 S 14 o
—?}17 —12@ R 12F —12@
E‘(“:T 0% -
N 3 B oL £
& 10 410 i,;;ltk“* o 10 -~ AR 10 E
& - HHEES s & B st - AR A 18 &
® - - - AN BEE SR = T ®
6 46 6F 16 &
4 S e 4+ -0--"94
L Ao m=® ¢ . “_‘/’
2 e 12 2r o 12
olos=c--""¥" L L 0 0 PP S L 0
1.3 14 1;5 1.6 1.7 1.3 1.4 1.5 1.6 1.7

T2/ (g em™)

(a) % JE MK 5 i F 2 K e 0 5t
& 10

T (g+ em™)
(b) 5 BRI R Wi (14 1 5% A i B2

RE T & BT it A XA B 0 {E R E Fe R AR SRR

Fig. 10 Peak strength and residual strength obtained by improved direct shear test at different dry densities

A5 M 3k http: //cslgxbzk. csust. edu. cn/cslgdxxbzk/home



10 kv EIXFEFER(OEAHFRK)

2023412 A

i & 10 7] DL Y, Bl A T % B 0 AR (55 4%
MK AETE ), Ve {55 A% Bt B 568 32 48 s 24 22 Xt
RS, P 10(b) T, S0 iR T 9%
H 1.6 glem’ B, B2 K 4 09 A R0EE R 1ALk 4.0 kPa
Lk ERONEERE A N 18,17, BEESRIE TEE A
TR 0] 7 2 i T %) A B A D e 0 R A O )
POAR ELAEF o Bl T8 B B B AR, kL2 (8] () AH
AR ECUn P 8 R ), W BRFAE R 55 L 5%
It A 1 R i K 25 8 A UK 22 T 1% 4% fik ik
KR BORE 22 R] Y 4 fil g 22 DT {45 A 0N
JEE S A RRAR ;Y T N 1.4 glem? BF, 00 1R 52 %
ik B A R BEE A LA 1.6 g/em’ TR RS T
[ 73% , A h 13.0°, T4 2086 R J1 330 0,

Shy 6 F R K 7 RN R K T AR 2 1 A ) 5
L ARSI T N 1.4.1.5.1.6 g/lem® 1) =4
AR AT R R 5T U0, JF R T O R E ASOR L
R B T J A TR A28 0K 1) 5 8 EA TR0 20 T, 15
B ok BA A MR, i 1 R, I AT
B IS BLAR /N T 0.1 mm (4 0B & 89, 3F
HP&EER, RS A., Wik =
FIAS R 907 46 1% BE R RE LA 0.075 mm DL B Y
WKL 4 L K 309%~45% , T Ik 5 5 HR RE R
15%~20% o 1A AN T E B T = A2 K I R Sk
SRR AT, AEIE B RSN R Ik sz B BRI,
TR R AR AN S R AR KB AR AL Bk B fg =
B ik 1 091 A% 3 RV, (H 1 1 o U8 45
PR 25 R I 2 AR A R A DRI X6 = At B i 3
{14 5% Ml A X5 /N

120

—o— 1.6 g/em’ &M AT
oo —=— 1.5 gem Ik Al
—a— 1.4 g/lem® K Fi
| —— 1.6 gem k5
—v— 1.5 gem’ K 5 o
e LA g’ WIKIE

%
o

INTF BRI L
Bt K%

0.1 1 1‘0 l(I)O 1 0‘00
FHRAR pm
B 11 R T E LR RS A &
Fig. 11 Cumulative distribution curves of particles with

different initial dry densities

PRAF BT U R AR E 19 B 5 106 7 1k B AR
e 1 AN TR St ) i 8 T 0 8 A — 2k,

SORAT BE M PR UE 1 839 U1 A S5l F S5 R A — Bk
PRIk e 2% 3006 D vk A5 1 AT BT 56 B2 48 s nl LA
FCMRAETEE T3 B4 F Ik L B SC R R S
FEHEPERE . LRI 2s SRR W], K £ B S A i
BT 5 ARG, 24 R M 0 e b R R A A L AR
[l QERSURS TR R ISR LS UR ) & R I NTA
RE A PR L 35 AS 2 B JELIN o 3 81 R RE 23 A 235 2R IR
W1 M2 K 5 2 2 i 4 AROUL AL ) IR K - T A
KLAE &M I A TR 7 A e 55 70 B, AR Y
UKL 2 I A A BAOAE | TR T A A A Y B 2
MHEZN R,

6 it

1) B 40 5 5 B2 9 52 ) R 3= AT 0 28 7 R
AR LR E G S E . S KR AR T
L 2 K - K A 1 5 JCFR T R kA ) ik
ARSI W B A5 R o RS X I 4 B s i
FR) 5 W) i 3 7 IR A J2 K - A 28 9 ke S B, i
R T EENSRAE . EX =AEERD, SKFERN
PR AR R K - 5 B A 5 e K

2) TIRAE AT B0 U A B 3 2 R AR
g% I - %) 35 ) ke AR AT G0 B 5 8 11 o X R 45 A
105 I 5 5 = R (1) 110 S 285 Pk A 55, AR BH 3R B8
W, AN, T AR R ) FE ARG A g AR, — B
b JZ 5 1) 5 3B ) 230, B o A B BT, A
M5 & TR I

3) MR AV R AR I K 1 A (R R B S
BRAYOREE 22 S W L AR AR A R g B
HB 2 XoF AT B R B A — S RS

4) R FH ek ) B 3R e A B iR AR R i A
TP R K 5 | S A E A AN BT B 9 R A s e B
T8 BRI CERUZ K AR T ) | W AT BR T
YR LR bR B2 T R REE S BT 4 IR
WY, 2 K i 5 U P AW ATL 2 2 K - 10 R
RLAE AR R KA T 7 2R Wi 55 0 B, A AR Y
URE 90 I e A R | 3K 2 T AR I A A 25
MEZENER

[ % 0]
(1] XUiEAm, SR8, XIIE AT, 55 K& ) 5P 16 A

N Bk e R s PE s g L) ], g KAk (B A

BE2E ), 2022, 53(1): 114-125. DOI: 10.11817/j.

issn.1672-7207.2022.01.007.

A5 M 3k http: //cslgxbzk. csust. edu. cn/cslgdxxbzk/home



F205 % 64

KA, F SR LR ARG AT R S5IRA 11

LIU Zhengnan, ZHANG Rui, LIU Zhaojing, et al.
Influence of swelling anisotropy on stability of
unsaturated expansive soil slope [J]. Journal of Central
South University (Science and Technology) , 2022, 53
(1) : 114-125. DOI: 10.11817/j. issn. 1672-7207.
2022.01.007.

ZHENG J L, ZHANG R, YANG H P. Highway
subgrade construction in expansive soil areas [J].
Journal of Materials in Civil Engineering, 2009, 21
(4) : 154-162. DOI: 10.1061/(asce) 0899-1561
(2009)21: 4(154).

Rt e, SREE . 2 B I Mk - b R AR TR B 5 4 Oy
B0 E 2 AR, 2015, 28(3) : 1-10. DOI:
10.19721/.cnki.1001-7372.2015.03.001.

ZHENG Jianlong, ZHANG Rui. Prediction and control
method for deformation of highway expansive soil
subgrade[J]. China Journal of Highway and Transport,
2015, 28 (3) : 1-10. DOI: 10.19721/j. enki. 1001-
7372.2015.03.001.

TRBL, B, A, A K 00 ) R Ak 7 i e A
FES LT E 23 AR L 2020, 33(9) : 22-31.
DOI: 10.19721/j.enki.1001-7372.2020.09.003.
ZHANG Rui, ZHAO Xu, ZHENG Jianlong, et al.
Experimental study and application of lateral swelling
stress of expansive soil [J]. China Journal of Highway
and Transport, 2020, 33(9): 22-31. DOI: 10.19721/j.
¢nki.1001-7372.2020.09.003.

SRR DL, BRI, SRTIST . R 75 I ik - 10 3
BRI )], 5 £ TR, 2019, 41(1): 70-77.
DOI: 10.11779/CJGE201901007.

ZHANG Liangyi, CHEN Tielin, ZHANG Dingli.
Progressive failure of expansive soil slopes under
rainfall  [J].
Engineering, 2019, 41 (1) : 70-77. DOI: 10.11779/
CJGE201901007.

MR, R A, SR H , % TIRAEHE I N 722
RS 2 PR TG BRI FE LT ], PR Rz 22 4k
( FARBE% R, 2022, 53 (1) : 95-103. DOI:
10.11817/j.issn.1672-7207.2022.01.005.

YANG Guolin, CHEN Ziang, ZHANG Hongri, et al.

Collapse mechanism of gentle expansive soil slope in

Chinese Journal of Geotechnical

drying and wetting cycles [J]. Journal of Central South
University (Science and Technology) , 2022, 53(1) :
95-103. DOI: 10.11817/j.issn.1672-7207.2022.01.005.
TR, B, BN, A5 K 3 ORI TR R
PG HARBIIEI]. H L TR, 2022, 44(7)
1281-1294. DOI: 10.11779/CJGE202207008.

XU Yongfu, CHENG Yan, XIAO Jie, et al. New
prevention and control technology for expansive soil

[l

Engineering,

Journal of Geotechnical

1281-1294. DOI:

Chinese

2022, 44 (7)

slopes

(8]

(9]

[10]

[11]

[12]

[13]

[14]

10.11779/CJGE202207008.

ITO M, AZAM 8. Engineering properties of a vertisolic
expansive soil deposit[J]. Engineering Geology, 2013,
152(1): 10-16. DOI: 10.1016/j.enggeo.2012.10.004.
B, W, ¥ T, % WHC IR A I K + ik
W B A S e 2 R KR (1], Ah A %

2020, 40 ( #% P 2) : 73-78. DOI: 10.14048/j.
issn.1671-2579.2020.82.016.
WEI Yaohua, LONG Mingxu, XIAO Yu, et al

Ecological restoration technology and its application of
expansive soil slope collapse in Anxiao Highway,
Hubei Province [J].
Highway, 2020, 40(sup 2): 73-78. DOI: 10.14048/;.
1ssn.1671-2579.2020.52.016.

SKEF, B RAE, IR, SF L VRRAEER T B0 IG S K R T
AR 40 AR 5 DR R I [ ] 3 AR 2 R (b
BRAE 2 ), 2021, 51(5) @ 1544-1550. DOI: 10.
13278/j. cnki. jjuese. 20200289.

ZHANG Qi, YANG Zhongnian, SHI Wei, et al.

Experiment on shear characteristics of unsaturated

Journal of China & Foreign

expansive soil with initial moisture content under
freezing-thawing cycles [J]. Journal of Jilin University
(Earth Science Edition) , 2021, 51(5) : 1544-1550.
DOI: 10.13278/j.cnki.jjuese.20200289.

TERBL, BdiRAL, 229%%, 4. T8 T Kk L 226R
T AL 5 5 B R A R T ST [T ). ARl TR 24
2021, 37(5): 113-122.

WANG Shiji, YANG Zhenbei, LI Xian, et al
Experimental study on crack evolution and strength
attenuation of expansive soil under wetting-drying
cycles [J]. Transactions of the Chinese Society of
Agricultural Engineering, 2021, 37(5): 113-122.
WHE, A, R, A K TR s BRI Y
o ()], TR M S A 4R, 2018, 26 (1) : 112-128.
DOI: 10.13544/j.cnki.jeg.2018.01.013.

LENG Ting, TANG Chaosheng, XU Dan,

Advance on the engineering geological characteristics

et al.

of expansive soil [J]. Journal of Engineering Geology,
2018, 26 (1) : 112-128. DOI: 10.13544/j. cnki.
jeg.2018.01.013.

T, R, a8, 55 Mk R R R T 5T
J& [J]. 7T Hb %, 2020, 15(2) : 173-180. DOI:
10.3969/}.issn.1007-1903.2020.02.009.

WANG Rui, KANG Bo,
Research progress on strength
expansive soils [J]. Urban Geology, 2020, 15(2) :
173-180. DOI: 10.3969/}.issn.1007-1903.2020.02.009.
JANANI V, RAVICHANDRAN P T. Effect of
industrial waste on the behaviour of expansive soil [1].
Materials Today: Proceedings, 2023, 80: 3048-3052.
DOI: 10.1016/j.matpr.2021.07.135.

LI Hongchang, et al.

characteristics  of

A5 M 3k http: //cslgxbzk. csust. edu. cn/cslgdxxbzk/home



12

KL XFFHROHRAFR)

2023412 A

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

FRJRAR, FRBETL, WU . MK 4 ik R H 3y v
[J]. A £ TRER, 2015, 37(K4H) 1) 11-15.
CHENG Zhanlin, GONG Biwei, HU Bo. Shear strength
of expansive soil and its test method [J]. Chinese
Journal of Geotechnical Engineering, 2015, 37 (sup
1): 11-15.

BAI F Q, LIU S H. Measurement of the shear strength
of an expansive soil by combining a filter paper method
shear tests [J].

and direct Geotechnical Testing

Journal, 2012, 35 (3) : 103342. DOI. 10.1520/
21103342.
HA, g, B, % RT S SE K

BB )2 PR BUE A Hr 1], TAk 3, 2022, 52(7)
128-136, 118. DOI: 10.13204/.gyjzg21070206.

XIAO Jie, TAN Yuefeng, TONG Chao, et al.
Numerical analysis for shallow landslides of expansive
soil slopes based on three fields coupling[J]. Industrial
Construction, 2022, 52 (7) : 128-136, 118. DOI:
10.13204/j.gyjzg21070206.

PR, REE, INER, LK AR LR
JE e A ()], 2 R TR, 1997, 19(5)
20-27.

LU Zhaojun, WU Xiaoming, SUN Yuzhen, et al. The
role of swelling pressure in the shear strength theory of
unsaturated soils [J]. Chinese Journal of Geotechnical
Engineering, 1997, 19(5): 20-27.

MIAO L C, LIUS Y, LAI Y M. Research of soil-water
characteristics and shear strength features of Nanyang
expansive soil[ J]. Engineering Geology, 2002, 65(4):
261-267. DOI: 10.1016/50013-7952(01)00136-3.
XIAeaR , B oR ik . SAEE N I K 1 T 59 5 BE 45 AR 52 R
AR 5T )] & £ 7%, 2010, 31(3): 727-731.
DOI: 10.16285/j.rsm.2010.03.032.

LIU Huaqiang, YIN Zongze. Test study of influence of
crack evolution on strength parameters of expansive soil
[J]. Rock and Soil Mechanics, 2010, 31(3) : 727-
731. DOI: 10.16285/j.rsm.2010.03.032.

e, AR, A D . AR AR R A 8 5 I T A5k g
W S (). £ TR 2R, 2006, 28(7) - 863-868.
DOI: 10.3321/j.issn: 1000-4548.2006.07.011.

LUAN Maotian, LI Shunqun, YANG Qing. Matric
suction and tension suction of unsaturated soils [J].
Chinese Journal of Geotechnical Engineering, 2006, 28
(7) 863-868. DOI: 10.3321/j. issn: 1000-
4548.2006.07.011.

BY SO K A R K AL FE R A0 LI kAR B B 5 [ D .
Kt KIEF TR, 2010.

JIA Jingchao. Study on the swelling mechanism and
mesomechanical swelling model of expansive soils [D].
Dalian: Dalian University of Technology, 2010.
KIRKPATRICK W M, RENNIE I A. Directional

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

properties of consolidated Kaolin [1]. Géotechnique,
1972, 22 (1) 166-169. DOI: 10.1680/
geot.1972.22.1.166.

WHEELER S J, SHARMA R S, BUISSON M S R.
Coupling of hydraulic hysteresis and stress-strain
behaviour in unsaturated soils [J].
2003, 53 (1) 41-54.  DOI:
geot.2003.53.1.41.

LOCAT A, LEROUEIL S, FORTIN A, et al. The 1994

landslide at Sainte-Monique, Quebec: geotechnical

Géotechnique,

10.1680/

investigation and application of progressive failure
analysis[ﬂ. Canadian Geotechnical Journal, 2015, 52
(4): 490-504. DOI: 10.1139/cgj-2013-0344.

YE W M, ZHANG Y W, CHEN B, et al. Shear
strength of an unsaturated weakly expansive soil [J].
Journal of Rock Mechanics
Engineering, 2010, 2(2) : 155-161. DOI: 10.3724/
SP.J.1235.2010.00155.

ZHANG J R, NIU G, LI X C, et al. Hydro-mechanical

behavior of expansive soils with different dry densities

and  Geotechnical

over a wide suction range[]]. Acta Geotechnica, 2020,
15(1): 265-278. DOI: 10.1007/s11440-019-00874-y.

BRI, SRR W R AR AR A ik A 5 R A
BY KA PE R (1], 55 1 TR, 2007, 29(1)
82-87. DOI: 10.3321/j.issn: 1000-4548.2007.01.013.
ZHAN Liangtong, NG Charles W W. Effect of suction
on shear strength and dilatancy of an unsaturated
expansive clay [J]. Chinese Journal of Geotechnical
Engineering, 2007, 29 (1) : 82-87. DOI: 10.3321/.
issn: 1000-4548.2007.01.013.

B RGE, R AR M AR T A R
=8l s s ()], A & TR, 2006, 28(2) :
196-201. DOI: 10.3321/. 1000-
4548.2006.02.010.

ZHAN Liangtong, NG Charles W W. Experimental

study on

issn:

mechanical behavior of recompacted
unsaturated expansive clay [J]. Chinese Journal of
Geotechnical Engineering, 2006, 28 (2) : 196-201.
DOI: 10.3321/j.issn: 1000-4548.2006.02.010.

LIANG C, WU Z ], LIU X F, et al. Analysis of shallow
landslide mechanism of expansive soil slope under
Arabian Journal of

584. DOI: 10.1007/

rainfall: a case study [Jl.
Geosciences, 2021, 14 (7) .
s12517-021-06829-6.

TRME , B, XUSd i . 2K i B 5 i PR 3% 5 L A
A g B 5L [J]. &+ 157, 2011, 32(1) ¢ 44-50.
DOI: 10.16285/j.rsm.2011.01.028.

XU Bin, YIN Zongze, LIU Shuli. Experimental study
of factors influencing expansive soil strength [J]. Rock
and Soil Mechanics, 2011, 32 (1) : 44-50. DOI:
10.16285/j.rsm.2011.01.028.

A5 M 3k http: //cslgxbzk. csust. edu. en/cslgdxxbzk/home



20 4 5 6 41

KA, F SR LR ARG AT R S5IRA 13

[32]

[33]

[34]

[35]

[36]

[37]

WP, KEE, Z% . AR AR K 5 R S A
BT A A e TR, 2004, 23(3)
420-425. DOI: 10.3321/j. issn:  1000-6915.
2004.03.011.

YANG Qing, ZHANG Huizhen, LUAN Maotian.
Testing study on shear streangth of unsaturated

expansive soils[J]. Chinese Journal of Rock Mechanics
and Engineering, 2004, 23 (3) : 420-425. DOI:
10.3321/j.1ssn: 1000-6915.2004.03.011.

A, MAE, 2Engug, & RN ) SR AN TR 25 B
B RS TR Mk B0 oy s B e (1], B A B AR AR,
2013, 26(6): 15-21, 37. DOI: 10.19721/j.cnki.1001-
7372.2013.06.003.

XIAO Jie, YANG Heping, LI Hanfeng, et al. Shear
strength test of Nanning expansive soil with various dry
China Journal of

15-21, 37.

densities and low stresses [J].
Highway and Transport, 2013, 26 (6) :

DOI: 10.19721/j.cnki.1001-7372.2013.06.003.
HZAS, B AE, %I, 45 m T AN IK £ i i

FEAELAE AR AR R N e [0 ], op [ o4l
2014, 27 (10) : 1-8. DOIL: 10.19721/j. enki. 1001-
7372.2014.10.001.

XIAO Jie, YANG Heping, WANG Xingzheng, et al.
Analysis of nonlinear characteristics of shear strength of
Nanning expansive soil and its influencing factors [J].

China Journal of Highway and Transport, 2014, 27

(10) : 1-8. DOI: 10.19721/j. cnki. 1001-7372.
2014.10.001.
ZME, #E, B, 45 AR E B AK 1 i

s g ()], 5 £ TR 2R, 2006, 28(2) : 274-
276. DOI: 10.3321/j.issn: 1000-4548.2006.02.025.

MIAO Linchang, CUI Ying, CHEN Kejun, et al. Tests
on strength of unsaturated remolded expansive soils[J].

Chinese Journal of Geotechnical Engineering, 2006, 28

(2) : 274-276. DOI. 10.3321/j. issn: 1000-4548.
2006.02.025.
AocH, o, B, &L F e EB K P

JE R e B 5 L1]). 4+ J1%%, 2009, 30 (3 F 2)
244-248. DOI: 10.16285/j.rsm.2009.s2.069.

ZHAO Wenjian, ZHAN Wentao, NI Xiao, et al. Shear
strength of Baise remolded expansive soil[ J]. Rock and
Soil Mechanics, 2009, 30 (sup 2) : 244-248. DOI:
10.16285/j.rsm.2009.52.069.

SR, INVE W], B A, A TIRAEER T R 0
1= AT Ry K BE o e L) ], b E RS S, 2021,
16 (8) : 825-829, 835. DOI: 10.3969/j. issn. 2095-
2783.2021.08.005.

SHU Zhile, SUN Qiming, LIAO Zhiwei, et al. Stress-
strain behavior and strength study of expansive soil
under dry-wet cycles [J]. China Sciencepaper, 2021,
16 (8) : 825-829, 835. DOI: 10.3969/j. issn. 2095-

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

2783.2021.08.005.

ARAES, BREE, WIS, . EEEIK L AR LR R
e S AR EYIN A STPIRIVES SN R =i |
2%, 2012, 33 (4 F] 2) . 59-64. DOI: 10.16285/j.
rsm.2012.s2.047.

70U Weilie, CHEN Lun, XIE Peng, et al. Nonlinear
strength property of remolded expansive soil and its
relationship for soaking after
consolidation [J]. Rock and Soil
Mechanics, 2012, 33(sup 2): 59-64. DOI: 10.16285/
j.rsm.2012.s2.047.

FFRM, w5E, mik, & TREAMEA T KR
it VA B R FE X B B SR B R [T ). A B TR
2015, 40 (4) : 127-130, 140. DOI: 10.3969/j.
issn.1674-0610.2015.04.028.

WEI Bingxu, HUANG Zhen, GAO Bing, et al. Crack

evolution rules of expansive soil and the effect on the

stress-strain one-

dimensional

shear strength under the action of dry-wet circulation
(1] Highway Engineering, 2015, 40(4) : 127-130,
140. DOI: 10.3969/}.issn.1674-0610.2015.04.028.
MM, WL, AR, B IR I IK LKA
YRR PN 53T ] & B 5 REE , 2020
(2) 95-98, 102. DOI: 10.3969/;. 1671-
2668.2020.02.022.

LEI Junwei, CAI Shusheng, WANG Yuechun, et al.

Causes and countermeasures of shallow landslide on

issn.

expansive soil cutting slope of Anxiao Highway [J].
Highways & Automotive Applications, 2020(2) : 95—
98, 102. DOI: 10.3969/j.issn.1671-2668.2020.02.022.
AL FOUZAN F, DAFALLA M A. Study of cracks and
fissures phenomenon in Central Saudi Arabia by
applying geotechnical and geophysical techniques [J].
Arabian Journal of Geosciences, 2014, 7(3): 1157-
1164. DOI: 10.1007/s12517-013-0884-7.

LI X W, WANG Y, YU J W, et al. Unsaturated
expansive soil fissure characteristics combined with
Journal of Central South

3564-3571. DOI:

engineering behaviors [Jl.
University, 2012, 19 (12)
10.1007/s11771-012-1444-0.
LI J H, ZHANG L M, LI X. Soil-water characteristic
curve and permeability function for unsaturated cracked
soil[ J]. Canadian Geotechnical Journal, 2011, 48(7):
1010-1031. DOI: 10.1139/t11-027.

DAI Z J, GUO J H, LUO H M, et al. Strength
characteristics and slope stability analysis of expansive
soil with filled fissures[J]. Applied Sciences, 2020, 10
(13): 4616. DOI: 10.3390/app10134616.

F B K R B U K T BT A OC R BT
FE[J]. WiF AR, 2015, 41(3): 37-39, 56.
WANG Yong. Study on crack development law of

expansive soil and its relationship with shear strength

A5 M 3k http: //cslgxbzk. csust. edu. cn/cslgdxxbzk/home



14

KL XFFHROHRAFR)

2023412 A

[46]

[47]

(48]

[49]

[50]

[51]

[J]. Hunan Communication Science and Technology,
2015, 41(3): 37-39, 56.

TTEEEE, /AR, LR, L TRIEIE K L
SFARE R =R TS ()] A e S TR
%, 2021, 40(5): 1043-1055. DOIL: 10.13722/j.cnki.
jrme.2020.0902.

FANG Jinjin, YANG Xiaolin, FENG Yixin, et al. True
triaxial experimental study on mechanical properties of
expansive soils after drying and wetting cycles [J].
Chinese Journal of Rock Mechanics and Engineering,
2021, 40(5) : 1043-1055. DOI: 10.13722/j.cnki.jrme.
2020.0902.

RIRME, Bt TIRAEER T K e Jo ey i s S
HOX Y B R s IE S T ] A %%, 2017,
38(3): 678-684. DOI: 10.16285/j.rsm.2017.03.009.
WU Junhua, YANG Song. Experimental study of matric
suction measurement and its impact on shear strength
under drying-wetting cycles for expansive soils [J].
Rock and Soil Mechanics, 2017, 38 (3) : 678-684.
DOI: 10.16285/j.rsm.2017.03.009.

XSE, MR, SR, & TRAE T Bk 1%
PERES LM 2 RN [T, a1 J 2 5 TR AR,
2020, 39 (10) : 2148-2159. DOI: 10.13722/j. cnki.
jrme.2020.0170.

LIU Kuan, YE Wanjun, GAO Haijun, et al. Multi-
scale effects of mechanical property degradation of
expansive soils under drying-wetting environments [ J].
Chinese Journal of Rock Mechanics and Engineering,
2020, 39 (10) : 2148-2159. DOI: 10.13722/j. cnki.
jrme.2020.0170.

CHANG J, XIAO J E, JIANG J Q, et al. Study on
hygroscopic swelling and dehumidification cracking
characteristics of expansive soil under acid rain and
[Jl. Civil
Engineering, 2021, 2021: 1-10. DOI: 10.1155/2021/
8834583.

JETAE BRIEDL, SR . Ik + T IR A6 PR 46 24 it
B Ak cTik g AT g ()], Ak Jr s, 2002, 23(4)
417-422.DOI: 10.16285/j.rsm.2002.04.006.

LU Zaihua, CHEN Zhenghan, PU Yibin. A CT study

on the crack evolution of expansive soil during drying

cyclic  drying-wetting Advances in

and wetting cycles [J]. Rock and Soil Mechanics,
2002, 23 (4) : 417-422. DOI: 10.16285/j. rsm.
2002.04.006.

EEE, 8, RHAR, E K 15R E TRAE
WEAFET]. A+ 127, 2009, 30(12): 3797-3802.
DOI: 10.16285/j.rsm.2009.12.046.

LYU Haibo, ZENG Zhaotian, ZHAO Yanlin, et al.
Experimental studies of strength of expansive soil in
drying and wetting cycle[J]. Rock and Soil Mechanics,
2009, 30 (12) : 3797-3802. DOI: 10.16285/j. rsm.

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

2009.12.046.

IR, 25, SRR, & Wk -t e T
FE [ KAITRE A BEBE 4l , 2011, 28(10) : 102-111.
DOI: 10.3969/j.issn.1001-5485.2011.10.019.

CHENG Zhanlin, LI Qingyun, GUO Xiling, et al.
Study on the stability of expansive soil slope [J].
Journal of Yangtze River Scientific Research Institute,
2011, 28(10) : 102-111. DOIL: 10.3969/j.issn. 1001-
5485.2011.10.019.

TR, S=EETL, Wk, A TIRIEFE T Kk 1
A MR TR )] A L J %, 2011, 32
(9): 2729-2734. DOI: 10.16285/j.rsm.2011.09.053.
ZHANG Jiajun, GONG Biwei, HU Bo, et al. Study of
evolution law of fissures of expansive clay under wetting
and drying cycles[_]]. Rock and Soil Mechanics, 2011,
32(9): 2729-2734. DOI: 10.16285/j.rsm.2011.09.053.
SHI B X, ZHENG C F, WU J K. Research progress on
expansive soil cracks under changing environment [ J].
The Scientific World Journal, 2014, 2014. 816759.
DOI: 10.1155/2014/816759.

ZEREETL, FRIRAK, B, & WMk R TR
WEoE [J]. & 1 J1 %%, 2014, 35(7) . 1825-1830,
1836. DOI: 10.16285/j.rsm.2014.07.039.

GONG Biwei, CHENG Zhanlin, HU Bo, et al.
Research on engineering properties of fissures in
expansive soil[J]. Rock and Soil Mechanics, 2014, 35
(7) 1825-1830, 1836. DOI: 10.16285/j. rsm.
2014.07.039.

W, FREETL, R AR B BH K - 2 B o S i
ot [J]. % £ J1 %, 2012, 33(10) : 2942-2946.
DOI: 10.16285/j.rsm.2012.10.033.

HU Bo, GONG Biwei, CHENG Zhanlin. Test study of
shear strength of fissure-plane in Nanyang expansive
soil [J]. Rock and Soil Mechanics, 2012, 33 (10) :
2942-2946. DOI: 10.16285/j.rsm.2012.10.033.

AL ARG AR AR B PR B i e 0 RS E TR AR
(J]. & + T % 2% i, 2004, 26 (1) : 1-15. DOI:
10.3321/j.issn: 1000-4548.2004.01.001.

BAO Chenggang. Behavior of unsaturated soil and
stability of expansive soil slope[J]. Chinese Journal of
Geotechnical Engineering, 2004, 26(1): 1-15. DOI:
10.3321/j.issn: 1000-4548.2004.01.001.

XUt TRAER P K L M) Jbs . hE
HEF T AL, 1997

LIU Tehong. Expansive soil problem in engineering
construction [M]. China Architecture &
Building Press, 1997.

2R, FLAR, SRR, & IR LS LR T
U ALY A S R c I RCiiA R ki 0] DA A < e s
2, 2013, 34 (3T 2) ;. 121-127. DOIL: 10.16285/).
rsm.2013.s2.023.

Beijing:

A5 M 3k http: //cslgxbzk. csust. edu. en/cslgdxxbzk/home



F205 % 64

B, F IR R A BT R BIR AT 15

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

LI Xinming, KONG Lingwei, GUO Aiguo, et al.
Effects of overconsolidation ratio and stress rate on
unloading mechanical behavior of expansive clay (7.
Rock and Soil Mechanics, 2013, 34 (sup 2) : 121-
127. DOI: 10.16285/j.rsm.2013.s2.023.

ZIREE, G, BRINAE, & K R A5RE S5 %
FEPELT]. 2238 8 5 T 24, 2008, 8(5) : 54-60.
DOI: 10.3321/j.issn: 1671-1637.2008.05.011.

LI Zhenxia, WANG Xuancang, CHEN Yuanzhao, et
al. Strength and mechanic property of expansive soil
[J]. Journal of Traffic and Transportation Engineering,
2008, 8 (5) : 54-60. DOI: 10.3321/j. issn: 1671-
1637.2008.05.011.

LOK Y, LEE C F. Stress analysis and slope stability in
strain-softening materials[J]. Géotechnique, 1973, 23
(1): 1-11. DOI: 10.1680/geot.1973.23.1.1.

VU H Q, FREDLUND D G. The prediction of one-,
two- , and three-dimensional heave in expansive soils
[J]. Canadian Geotechnical Journal, 2004, 41 (4) .
713-737. DOI: 10.1139/t04-023.

SHEAHAN T C, LADD C C, GERMAINE J T. Rate-
dependent undrained shear behavior of saturated clay
[J]. Journal of Geotechnical Engineering, 1996, 122
(2): 99-108. DOI: 10.1061/(asce)0733-9410(1996)
122:2(99).

LAN T, ZHANG R, YANG B Y, et al. Influence of
swelling on shear strength of expansive soil and slope
stability [J]. Frontiers in Earth Science, 2022, 10:
849046. DOI: 10.3389/feart.2022.849046.

PSR S 78 INI T k] - S BN Y R SR NS TR )
FOEMFGE )], PSS R 2= (A ARB R
2016, 35 (4) : 70-74. DOI: 10.3969/j. issn. 1674-
0696.2016.04.15.

WU Junhua, YANG Song. Study on shear strength
property of over-consolidated expansive soil and slope
stability [J]. Journal of Chongqing Jiaotong University
(Natural Science) , 2016, 35 (4) : 70-74. DOI:
10.3969/}.issn.1674-0696.2016.04.15.

o B R LK 0 BB X AR e R e [T].
2y #, 2001, 46 (10) : 137-140. DOI: 10.3969/j.
issn.0451-0712.2001.10.040.

MENG Qianling. Influence of fissures of expansive soil
on slope stability[]]. Highway, 2001, 46(10) : 137-
140. DOI: 10.3969/j.issn.0451-0712.2001.10.040.
SHIN H, SANTAMARINA J C. Desiccation cracks in

[68]

[69]

[70]

[71]

[72]

[73]

saturated fine-grained soils: particle-level phenomena
and effective-stress analysis [1]. Géotechnique, 2011,
61(11): 961-972. DOI: 10.1680/geot.8.p.012.
AL-HOMOUD A S, BASMA A A, HUSEIN
MALKAWI A I, et al. Cyclic swelling behavior of clays
[J]. Journal of Geotechnical Engineering, 1995, 121
(7) 562-565. DOI: 10.1061/(asce) 0733-9410
(1995)121:7(562).

KATTI D R, SHANMUGASUNDARAM V. Influence
of swelling on the microstructure of expansive clays[J].
Canadian Geotechnical Journal, 2001, 38 (1) : 175-
182. DOI: 10.1139/t00-079.

XVIEAR, sRBE, FETES), 55 . Bk a1 X i ik AT
N [J/OL]. AR 535 TREEHR (P330),
2022: 1-11[2022-06-30]. https : //kns. enki. net/kems/
detail/50.1218.TU.20220128.2336.006.html.
LIU Zhengnan, ZHANG Rui, TANG Deli,

Influence of microstructure of expansive soil on swelling

et al.

behavior [ J/JOL]. Journal of Civil and Environmental
Engineering, 2022: 1-11 [2022-06-30]. https : //kns.
cnki. net/kems/detail/50.1218. TU. 20220128.2336.006.
html.

DELIKTAS C, COKCA E. Influence of swell on
undrained shear strength of expansive Ankara clay [J].
Arabian Journal of Geosciences, 2020, 13(18): 1-9.
DOI: 10.1007/s12517-020-05767 -z.

WA, BRAEK, ROV . AR R K 1 a B S AR P
FRPEIR S BF T ()], A - TR 24, 2008, 30(12) :
1872-1876.

HAN  Huaqiang,
Chengfeng.

CHEN

Experimental

ZHENG
strength

Shengshui,
study on and
deformation of unsaturated expansive soils[J]. Chinese
Journal of Geotechnical Engineering, 2008, 30(12) :
1872-1876.

SKETER, JEWIN, B A, 4 By I ik 1 B oIk
WorikWgE (). R TR A (A RFE D
2021, 18 (2) 33-39. DOI: 10.19951/j.
cslgdxxbzkb. 2021. 02. 005.

ZHANG Yuming, LONG Mingxu, CAI Shusheng, et

al. Study on improved direct shear test method of

cnki.

expansive soil [J]. Journal of Changsha University of
Science & Technology (Natural Science) , 2021, 18
(2) : 33-39. DOI: 10.19951/j. cnki. cslgdxxbzkb.
2021.02.005.

A5 M 3k http: //cslgxbzk. csust. edu. cn/cslgdxxbzk/home



16 kI RFEFER(AAHFR) 20234 12

Research progress and exploration on strength characteristics of

expansive soil

LING Shiguang', ZHANG Rui'?, LAN Tian'

(1. School of Traffic and Transport Engineering, Changsha University of Science & Technology, Changsha 410114, China;
2. National Engineering Laboratory of Highway Maintenance Technology, Changsha University of Science & Technology,
Changsha 410114, China)

Abstract: [Purposes] The study is to further study the influencing factors of shear strength of expansive soil
and explore the mechanism of the most essential swelling-induced characteristics of expansive soil on shear
strength. [ Methods] On the basis of summarizing the main research results on the shear strength characteristics
of expansive soil at home and abroad, this article categorized the influencing factors of the shear strength of
expansive soil into three special properties: swelling shrinkage , cracking, and overconsolidation. Based on the
theory of unsaturated soil shear strength, a scientific hypothesis was made regarding the changes in effective
shear strength indicators of expansive soil before and after swelling, and experimental verification was
conducted using an improved direct shear test device and a laser particle size analyzer. [Findings] The
variation of shear strength of expansive soil is closely related to its three special properties; In the saturated
direct shear test, the effective cohesion and effective internal friction angle both decrease hyperbolically with
the decrease of dry density; After swelling, the content of particles with a particle size below 0.1 mm increases
significantly, and the greater the dry density, the greater the cumulative content change. [ Conclusions] The
micro mechanism of strength attenuation in expansive soil is due to the fragmentation and separation of solid
particles in expansive soil under the action of lattice swelling, resulting in changes in particle gradation. This is
an important factor causing differences in strength indicators.

Key words: road engineering; expansive soil; shear strength; swelling and contraction; fissures

overconsolidation
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