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Classification and Summary of Shear Strength Formulae for
Unsaturated Soils

ZHANG Chang-guang, ZHAO Jun-hai, ZHU Qian
(School of Civil Engineering, Chang’an University, Xi’an 710061, Shaanxi, China)

Abstract; The shear strength formulae for unsaturated soils were divided into five categories,
such as using soil-water characteristic curve, mathematical fitting, piecewise functions, total
stress indicators and other forms. Characteristics and deficiencies of the current research on shear
strength formulae for unsaturated soils were analyzed. The results show that some differences in
mechanical significance exist between shear strength formulae based on the effective stress and
shear strength formulae based on the two-stress state variables. Different expressions of suction
strength lead to diversities of the shear strength formulae. True triaxial tests of unsaturated soils
are urgent need to be carried out and strength theory of unsaturated soils satisfying the actual
engineering stress conditions is to be established in order to improve the theoretical basis of
unsaturated soils and accelerate the process of engineering applications.

Key words: unsaturated soil; matric suction; shear strength formula; ture triaxial test

0 3

AR N o3 A -2 Tz L 5 TR S B DB R
R S R e o P | LS| S S I AU S - |
PR R o 0 R S A L R AR B8 S K R A
A A AR I A ) TR AR R A B R, 7
BOIRAR AN 1 20 T B8 G A L R R B TR O 45

s HHE:2011-12-22

[

RS ST AR SR 114 2 4 O B+ A B
LUFUR AL T KK G XGRS . AR £ A 5
JEE Je - (AR I/ 3 19 25 00 B2 ke s o2 AR A A0 B R
R EENNFEZ -, BF TR L L ek
JRE R B AN S R AN 1] T g R 8 ) I AR
EHT R ER R EEAE M. 1R 60 KRR AR A L
53k BE BT T RERE L AR 222 X AR AR A A BT BT 98

EETIE P45 AR 2 g% T RHETF T H (2012) 5 B84 [ R R 3R AF 58 1215 B (2011TM7002)
EHZ B Ik H (19829, B INAR M % A PRI, T2 11, E-mail : 2cg1016 @163. com,



%23

G T SR | U e

BENRKSERESE 75

HEAT T R RS A B IE U5 SR T A BRI BT Y
SRIE AL IFBEHEE T EZNRWER., ASCH
R ARZ AR L P OT 88 A0 5 3L 0T
=4 A BT 3 o SRR R BT A A

1 BRI A5 WM EE

e b A LNV EITE AR P ESE B 3
AR HK/NETFABRAE T we MALBRAKETT
Z 2 IR ) Gy — ) o X TR PE BRI + R
W, o ST 38 K S W T Y T B AR A3 HL S 2 A
IR Y 52 R . BT ) R B e DL A - Y 4
A L A BORL B A3 B AL B R /N L3 A B 285 55 S R AIE 1Y)
BE X A oK a3 B W R AR e 1 AR A s ) 2
PR R R

2% 1 2 A IR A 5T S e o AL S T
Z AR AN 1 A B B 5 R e A 3L IR R P T
b AR S b R o 3 44 1 28 Bishop A7 &40
FI40 BT 58 2N A Fredlund BUR A7k 7578 & 1 87
SR EE A,

Bishop % 5 40 A1 - 4 80 0 B R, 42 8 A
A AN A RO T B BT 9 R S 50

r=c tlo—u.+y(u,—u,) Jtan(g))=c +

(a—ua)tan(gor)fo(ua—uw)tan(go’) @)
X o AR PSSR s ¢ o 40BN iR £
(AT RAORE 2R ) FIAT SN BE A A BRI ) Cu, —
u) TR (o= uw,) HEE L I] 5 R A RN T 2
B, SR R HABAR 22 LR A OGS B A
PR T 7 LA 52 3 v Bishop A 200 ) Bt 39 5 B 24 X
R BEAF BN Tz N

Fredlund 20 75 5% I SR B AR B (6 —u)
A Cu, — ) B EE A b, 3T Mohr-Coulomb 5 fF #
e 3 0 IR AR R R OB T AR A S Y R
B2}

r=c +(c—u)tan(p )+ (u,—u, ) tan(e") (2)
e N HHER I A I A o 1 K/ A AR
BN ] (6—u) T AR BT T (uy —uy)
ST 7 A B B 8 B R ) R R A2 L tan (@) FoR Jk
J5T W 3% T BT 9 R TR ) R

DO FEC 2O W] LU L AR A 4 0 B 5y o
FE AR 1 ¢ B T (o— w) B B B 5Y
SR DL BT ) Qe — ) 51 E BB SR 3 A4
R BT B . ek i ) 5 R I BT B 5 S A N
BEESN @ A 5% T 6 5 W 3 5 | Y 0 5 8 5 5 A Ak
INWIE 2 Q¥ R

A6 A6 A0 0 B Y 9 B 4 A s Y A0 BT SR AR

LU o B A A W) A T 5 J5T W g X6 470 5 5 B A DR

Gn R SO 3 ST T BT 1 RS A AT BT R R A I 5 R

e SN CD RIS 2 WL B3R B e e 5350 R
cslzx(ua*uw)tan(gay) (3)
cszz(u“—uw)tan(sob) 4)

A3 Fnl (O A 5L )

y=tan(g") /tan(g )5 tan(g") =ytan(g) (5)

AL AN FE A8 RN A T BT 58 B Ok &, Bishop
BN 1 PT BT 5 BE 2N AT Fredlund SR F70R 4578 &
Bo 5y 5 A =X W B s L AR A ] L 2% SRANE T
SR T RN 1 S B " IR R 2
BB . BFEN¥E L EHEERTHAR, XD
J& T BN Ty 25 3K B 3 ) B g R ER 3 BT g 5
AL R R0 1) ) e B & 5 =X (2D & T RN 74k
AR ek ) N RS B AN RE N .

W BAF 5 B e SR IR T R BT R g i AR 1) A AL BR
KR TT s TALBRIK e J7 76 5 B2 00 N8 7 AR A RN
77 BT AR X B 5 AN T J0 G R B . ER T IR
BE 5401 J6 5, 24 R BRI Oy vk R AT i e, W B
SR 35— JEORE SR 7 1 ST AE B0 T DL LR R 2 R 3R
SRG SR J7 . 2 0 & oK ik A AR e, 58 g g A
W2 B 5 5 8 it =2 A ke o DR T PR o i S AN R A Y
W2 6 588 5 ot A 7K e %) 2 o R AR . L A T AR R
B 58 2 kK .

2 MmEREARNMNSE

£ Bishop A 2% 414t 57 38 J& 24 X 8 Fredlund
XU J7 AR A7 8 e 97 9 8 28 X R Ak B BF 98 45
VLR - A7 S8BT BT 560 8 2 R R B AE 5 I R 58 5 Y
Rtk R T AR AT 5 8 2 XL R B 7 o 5 2k
2.1 ZFHLT-KFIEHENRTAREELK

Bishop A 84 F7 470 5 5 J8 23 30 b 9 A7 8500
SRy SHRIEE S A5G ALMBEE S SR - KRR
L VIR IR I Al ¢ 5 R R AIE T 48 1 A [
DX BE 5% 5 AR 34 DR T Al LA -7 R Ak il 2 R 200
NBE S o Z VL B R eREOR R L LLA B Ak
I E T AR R .

Lamborn"™ B F 4 R S W ) 24 B8, 32 1y
T A B B R
T=c Jr(a*ua)tan(gé )+ (u, —uy )0, tan(p )L %)
.= (u,—u,)0,tan(g) f
A0 IR K

Vanapalli 2 3 F 35 48 51+ (1 £L B2 5 A A -
JKFFAE B AR OG 2R L 3 T — 1> 3 3k P R 0 09 5



76 EHAFE TRFR

2012 4

JE2% 5L R
o=c +(c—u)tan(e )+ (u,—u,) * 1
@ tan(g) (7
c.= (u,—u,)O@tan(g) J
X0 XA TR & K& 0=0./0.;0. J i Ak

&K e N B SR

Garven 7 DLAE M A 4+ (9 SR 4R 8 1, M 7AE
LA SE e IRE AN

k=—0.001 6I:-40.097 5I,+1

[Fl i+ Vanapalli S50 52 A 61 5 280 e 94057
YR/ W)

n=c +(c—u)tan(e )+ (u,—u,) *

0w —0.
0,—0.

tan(gp ) )

ce—=(u,— uw)ﬂtan(go’ )

0.—0

AP0, MR AR BUE K& AL S B 4 (R FH
K 0 LR B 2R ALY BT 5T 98 B 2% 5

Oberg 555 & 1 A WA EE S 1 4T 59 58 FE 24
E2W)
rr=c T (c—u)tan(p )+ (u, —u, ) Stan(gp )1 ()

f

A HA D, 6) [y 2= 5L T AW AEE S
BACT A RO 1 28y MRS K& 0, T 5K
(9) Tt 0 18 R0 - 10 R Rk A L A

Khalili & K85 14 FhAE 40 F1 £ 5 2 =858
Kol 52 i 0 BT 5 5 A 50

n=c +(c—u)tan(e )+ (u,—u,) * l

(10)

cs:(ua*uw)Stan(gpv)

[ M T %an(g)

Cu,—uy )y,

= (ua—uw)[(:ﬂ;uw]ﬂ‘”tan(gpr )J

e T U

s Gy —w )y, AR AN T A 3 SE

FAOMEYF AL, —u)/ (g —u ), 177 B
T BB T B HL o 1 — & F2JE FE 5 T Bishop
EERS QAR N UL i RN W T N O

Bao % g%k TR 52 e v Al 4R R £ -7k RRAE
MR 5 2 DX B, 32 A 5 AR 6 R0 e 5 5 B
X
Tf:C/Jr(a—uﬂ)tan(gpl)Jr(ua—uw) .

lgCu,—uy) . —lglu, —uy,)
lgCu, —u,), —lglu, —uy ),

lan(gor )

(1D)
lgCu, —uy) . —lglu, —u,) .

lgCu, —u,), —lglu, —uy ),

ce=Cu,—uy)

tan(go/ )

A Gy —w) . AR AN 2 A SR AL B ) .
Hossain 88" 2 18R A 1) 5 Ak 57 1 T i
BT BF 4R AR L A8 30 (D SRRl i AR
TP R AN
r=c +(c—u)tan(p +&)+
(u,—u,)Otan(g +d) (12)
AP @ AR AT T BT K A .
2.2 BEUMEMEEELAK
WAE C A 150 Bl T LR FAS ) /9 0y 4k
IR O HHEAT NG s R X W B iR B AT B )
BT+ 5 FH % R B0 T it £ 0L £ L 5 o 50 X 5k
Escario 28" I 2. 5 4 (9 [ il 26 K 015
3 PP AR AE A A0 B P BT 5, H AR

[Cl_(ua_uw>]2.5+<7f_d1)2»5:1 (13

a, b,
Aiarbrse.di MG S
PO |V R /N W 42 | U VS o /1L 93 ROV E |
HTIZ  Rohm 8& Pk VN 4 Y 0l £ P B
SREE A
rf:c/Jr(a—uﬂ)tan(go’)Jf \

u{liuw

T d, G, —ay anle ) | (14)

¢ Ys U )Lan(goy)

X d, AUESE.
Lee %1 Jiang Z&H7 | Vilar-"* 41 1 19 Bl 2k
ILE Y S/N W)
r=c +—u)tan(g )+ (u,—u,)/
\ (15)

1 Uyt ]
tan(e ) Caoo
J— —_— 1 u;liuw
CS_(uﬂ uw)/[tan(gor) Cyoo ]

U s o A BRI B 588 32
XD R AS) AT LR A S8 4. =
tan(g ) /co .
Miao S5 @ i XU 2R BT 5 B A Xk
z'f=c/+(z7—u”)tan(goy)+(u;,—uw)/l
(16)

dzil

I:CIZTL »

(u,—uy) |

at
a;

co=(u,—uy)/[a,+ Pi

K a, HIIESEG p HFPRUERA .
X FR D ~16) AT LLE H Y IR Sk 0
B, MR PSR o IR R O 24 L R 77 #4 F Jo 55 B, Xt

1(ua*uw):|




%23

RER.F LR TREMNKN S ERAESE 77

o7 R R I B iR B e s X 7R BRI AR A RS B TR
Bl A — R S8 T AR .
Rassam 45 @S A i 7 oA K000 57 98 5 24
EW
r=c +(c—
byl u,—uy,— (u, —

ua)tan(gov)Jr(uﬂ*
wy )y ]2
uw)tan(goy Vb [ w, —u,—

uw)tan(gor)Jr

ce=(u,—
(u, —uy )y ]2 (17

(u,—u)tan(p ) —c,
Uy )y, ]

:tan(goy MWoata =y — Cuy —uy)y |
(u,—u,) tan(p ) —c,

Kb oo HAMGSHL

I 3 CL7) i 2248 56 1 JF A A BE
Cuy = wy )y o BRAYHE BT W T3 il 77 A= 0 W BEE 5iR B o A
LA BN BRI @ - T EL {5 5% A% 2L 5 W )
FEXERL G o % F 0, ml WL, X (17) (i TRE L K
A5 H HME

S RS X B T G et DX Y ) 22 o 4
W) oK BT B 9 A =R

n=c +(c—u)tan(e )+ (u,—u, )" 1 (%)

=0 (u,—u, )" (
L4 6 WA SR

Xl i 43 T2 45 #4455 AL 4k 5 1 00 B2 i + % bR
L CIULE Y /AW

n=c +—u)tan(g )+ (u,—u, )} ¢ 1

62:

Lu, —uy— (u,—

Co

(u,—u,)tan(g ) - (19)
o= (u,—u)h “(u,—u,) tan(e) J
A g B 6= D —2. D AR A L ALBR I A
4 3 4L
2 B B8 AR O Sl A R B RORE R T B
I AR S R AW B AT AE R R AL oy 1R BR
VST IE ) R/AE W

o= (o—u)tan(p ) +c [1+7M‘”]W3 (20)

/tan(gp
Tekinsoy £ fil Kayadelen 250257 g8t 1% 1% % %%
ILE Y S/NE W)
r=c +(o—u)tan(g ) +tan(yp )

[Cus—u)y+ o Jin et Pt
péll (21)
c;:tan(gor)[(u“*uw)b—i—pﬂl] .
Iy Yt P
P
T/ T B X Tekinsoy %F £ 9t 87 5 2 2 =

H

Tt i J5T % 3 I 000 (L O o » i H 9488 T 0 B 3

G RN W
z'fzc/Jr(o—u“)tan(go’)+bgtan(g0/) .

U, Uyt pa
Du

w )yt pul

5

I
N

[(uaiuw)b+pal:|ln

Cszbgtan(SD’)[(uﬂi (22)

U, Uy +pm
Dt

In

107

by=1—In(1+“—") /In (1+7)

3

A ces N TR B /KB 0 N %) 5 5T I T A O 2
B TR £ B o =1 500 kPa; % F#b+ by £
R A HIEEY ;=200 kPa,
2.3 SBEmEEEAK

AR 4 73 Be o 5 o A 50— 2 7R Fred-
lund BN 7 4R 5 5 59 5 B2 2 X Bl B, DL AE
T AT A 2 A Cuw — wa )y A B B0 8y 8 B 24 5K
ORH2 B 1 Br— R o =g 5B 2 B ¢
FRAR L LR/

Rassam 45" 25 4 1 1] B 97 Co— w, ) XF 0% fft
SR o WRZ I, B S 00 23 B B a B A SR

(u,—u,)tan(g )
J u, << (= )y,
.=

Cuy —u)y ) [ A T2 (6—u,) ]
e > (uy—uy )y,
204 BG4
23 AN £ i T (e, — w )y A
AN — A [ L T3 A ¥ 1] B ) (o — ) B —
BRI VR R AR L B
(u,—u, ) =do+ds(6—u.)
Kad,ds ¥HUEG S
Lee 25087432 B Rassam 1 Williams (19 8 1%, 4%
G KR b e 5 2 18 g ik 1) g g 6T W B 5 Y
WA B LT S B R i R 2 50N
J(uﬂuw)tan(go)

1(uauw)tan(go)[uauw (23)

w, —uy <<, —uy )y,

(uy—uy)y O [1+2s (c—u,) ]
w,—uy >y —uy )y,
Hd 4 ¥WRIUA S8
Houston 48" ¥ w3 W 1 F M1 o FH WL 2%
KRG P2 00 43 B B o B2 A R

1(uf,uw)btan(gp/)+[uﬂuw (24)



78 AHAFE TRFR

2012 4

uwg(ua_uw)b

(ua—uw)tan(go/) U, —
J(u“—uw)tan[@' —
.=

ua*uw*(ua*uw)b (25)
l Am T ALt =y — Cuy—uy )y

U, g > (U, —uy )y,
o dw s Ao B LG 2 80 H W 35 030 o X
(25) LR AEAL S5 0 R FRE A
Zhou FE5 1 3 B W B R 28 2k
(ua*uw)tan(gov)

Uy — Uy <<y — Uy )y

(ua*uw)tan(gp')[%_’_

Cs— (26)
(ua*uw)>b‘|‘11 u, —u, +1

Uy — Uy n (u;,—uW)SI,JFl]
wy —wy > Cuy —uy )y

A s Cuy —uy) o AR AN 1 0 1 F0 2 B g, 5
/—:{A{E(ua_uw)b A A
2.4 BEAEEEAR

DL b 3 ARt 0 40 5 i B 23 S rh AR AL B Ak
JT W 3o DRI S5 W g 00 R X S 9% B 2 g X DA R
fESEH IR T TR SCE . A o8 DL ) 3 8 45 1ok
FER AR - A BT 5 5 BE L A OB R R A+
AR BT B 5 B 20 X FF SN ) BT BT 5 4 bR B B A
I B ) KR w SR AIEE S A R EOC &R L Ol S
Pr LA SR AL T — Bl ik Ae

BARE AR AR R I K AR T 5 R bR
H ) EKE w BR R G R RN

c=10%%k, 1
=104, |

Kk sky ks sy BRE SHL AT X (27 55
P A S BB E 155,

W RSP A0 g o M BT IR L 4R Y T
JEOTR B2 I A SN g 9 B R AR S AR AN EE S RS

@27

Czkssz—/e65+k7l
(28)
o=—kSt+k, |
P cks ke ko sks Ry BINLG ZHL
HEOFRET) ¢ R W eRB WEEHESM ¢
SR FH — U B 50 1 R 2 ) 72 A X Rt 5 T B R R L
X DAL 45 £ B S TR
Ve M S A R R 1) 8 = A AT R K
IR 5| HEE ) S K& w, @7 AR B N
SRR bR A Uh
c=cs TR (w—ws) 1
©= @0 +k11(w*w50)f
A ko s oy B8 100G 2 50 woso 9 100 FI S 4 Ol

(29)

50 20 B 1 T 77 85 7K 85 c50 0 qoso 20 B R AR AN BE AR Ty
50 20 i (A RS 5 ) RPN R 45 £

KO PR T) c MNEEEM ¢ 5E &K
i ow BRRE Iy — ek g, HaE T3 — 8N i
FEE 0 B AN R A 2 0 0 B ] B R S /)N
WF 22 fi ¢ Mo ZFAER K.

/D 3 S P 1 S HE K A PF R 1 BN g
JERERR IE— R LR T QOB KK
X

c=c exp[ ki, (1—Sh3)] 1
§0:¢,+k141n[(sz+1)/2](
Kk ks e BALG S 4L

TAb o A T B AR i e = Y
SR A R R T ¢ BE S K & w (5 2 48 5L
R INEEIE A o Bl &K B o (93 I 5 LR 5
BT HER AR 0 BB R LA KR
cHEKEw KRR RIL, NEEM o 5%
K w 96 RN R R B CED S SRR R T ¢
HEKEw BTRIMARR WEEM o 5 & KE
w BRERR, EPSCETR B ERRTT ¢
BE 7K i w BGRB8 RO N o B
K E w BHIE S BORBUOC R
2.5 HfefsrEEAN

B T LA b 4 260 A2 A SC 9T H H AR B A 9 3E
IR SE AT LY /NG W NN S 27 S RS o YU
AR DO G — i R BT Bl W Ty A
AN ST ORI R 4 28R AR R B BT B
PLINW S /N

FEER SR B K T po 2R 1Y R 1R i
JH 40 5 Ak

=c +(a*ua)tan(¢’)+k15 j)stan(gpr )l D)

(30)

Cs:/ewpstan(go/)
s kos FIZ K J7 B9 A R T R4

FR T A S8 — 5 B A Fredlund BN
RS EAALS S MRS ey e v TR R -4
LU 2 T oS N L ) T IV A3 Bl N | R D
- AR ) A i AR R R AR T Il A 2K S Y
. BiRRBEAN
z-f:cHr(a—ua)tan(go;)Jr(uﬂ—uw)tan(golﬁ)1

(32)
Co= (u“—uw)tan(gol)) J
cin(o )= 2L —m) @b tbm)sin(g)
S 24+6(1+sin(g )
. b
sin(gl) = 2(1+b)sin(e’) (33)

2+6(1+sin(g")

Cr:2(1+/))cycos(g0’) 1
' 2+b(1+sin(go’))cos(gp;)




%23

G T SR | U e

BENRKSERESE 79

Ko WE—FHHKE I 00 WG —F RN EE
sl RIS A KM G — s e AR AN £
(1) 75— W% B 588 B2 5 om0 A R i) 2 1% 9 R 8, s e e )
NS o 5E—FMN N o BE=FN T oy ZEHK
AN ZR L AT AR T AL R RS BUE , 0<<m <230 N5
— R IS SR SO oo X B R T IR B I Y R
FEBE ) A A Rk o B2 AR A 2 L 0<<0<<1,

SR m A b 43 3 H ] 3 R T 5K /N A B
BH IR S50 IR 52 e AR B 2 A AN (8] T o R
() = 0 3 800

WA 2 B UCR T Ty 7 SO T SRR
I AR T TR 7, o HE 1 A AR R 4 3R 1 S 4R
S51 % NN/ B U Ya e L U b A LT s e~ s VA e | X (O
+ B8 5 N S AE W B 2 A TG ik A R B
PR ME DA AR SC BT R .

Db AR BT AR B B g AR e A 5
M) — KRB F AR 2 A XA RE R
SEITT IR R H L A S ] IR AEAE A B RS SIS

3 MEREAXHBRRAE

3.1 BEBEEARMER

T8 b X SRR A A B ey o B AR A X
R L b A5 AR A R BT BT o B A DL N R AL

(1) B AN 15T 5Y 58 32 |y A RORE 3R ) L ek )
N5 R B 4T B 5 R DA R 35 B I T 5 | A A W i
3B 43 B AL AR 50 A A ) X 3 AR T R 3
W T 7 A e O R R

(2) Proysm e s =X 22 5 32 28 38 I 7R W Bt o )32
8 AR AS ] o 7 T 5 B 59 5 B2 28 AU Z R4 [R]
.22 W14 IR A RN B 5T 5 R E AT R Tz PR RN 2
Stk

) AWM PR E AKX REET
Mohr-Coulomb 78 & i 2 7. 19 . /5 Mohr-Coulomb
5 B PR oK 2 v ) S R ) R e 1T Gk T RS
ANREFE 0 A HE AR AR A L 1 58 BE T R B 7R 2K RE

() X W5z BhF 5 I 5 Jo e ) A £ 1 72 Al 1 F 58
ORI AE RS G KRR 2, i 2 R A
SN B R L B A3 B 3RS W B R R, SR
SR T B A b SR R AR RN - A i B A LR PR RRAE

(5) By R R B WG 2, g 2 ) g o Ak
0 R A SO R B R R D R e, AR B P s
() 3 0 3 X e 5 iR BE B 5 e 4, 3 6 WYY AR R0
A B 5 A a0 A | a5 1 R D RS E R AE AN W
iy 5 RN

(6) AEA A H 40 3 5 8 20 200 S Ak i R A I

HEHE L WS TSR BE R AR VB AK T T SO T AT I
NG A LK & A [ Ab A B R A A
S/ U YA R W T B e 3 N N ES U SR ol | K )
i RE B 1 S T A AR A DA RO ik T B
- SRR AR M R Y R R S Y

3.2 MEREAKXHARE

2 i AR A A B0 BT o BE A WF ST ROR AR 2 (H I
A R0 AR AR A £ R B 2 R 2
R ARBER IR A ERE AL

(D sy EAXNPHWSHRZ ANEES
K4 A X T B R AR A IR 25 R SRR A R
(CRE e LRy ) A U | R T i 9 7y
) RN .

(2) Friysm A XA R WA TR E 2
SEERXT A O S 25 R BT Y & Bk ST RN HE
TR 43 ok 2 3K A B 3 R 15 3 Y 40 57 5
28 AGE FH T80 09 45 8 T s JUAP 4 xE LA SEA T
e

(3) LA U HY 5 B 28 3 32 24 0 1 A0 4 7
T BT Ao R B W g A T B I Y o R AR A AR
A B AN R E T R 2 A A B,
s A 5T R 1R R A 7E 3 A R v R R AR S L
JI38 A s AR R ] %) 2 S, AR B 22 R T IR A 26 LA S Y
FEAR AL

(4) KN 7 5 BE 48 b AR R T RS2 B s
{H LS B Al 22, Y AT R WA IR A 280 2R
bR E Yy T ANARX . AR ERKK,
AFEZNE N AR5 4 R R,

(5) AW IE 2 0 $EAT JE M AN 5 =
JE 43 50 AR 5 St 50 25 SR 2 AR 1R N b b oY R
A0 R T B A A A R A . S Ak
55 Jir 45 3 (9 0 59 5 E S 850 R Bl B N ) R E SRR
T B AR A R 2 AN RE S R AR A R E S
N AR AR B AR . A AR A £ = A
Ep N S T I SO VAP A DG I | 0 e 1 3 OB A
B [ i E X O Sl e Y =R R W 8 ) S S E | X )
A I S R R R AR A 2 R S

(6) 7 ZE 4545 1 A - 5 3 2 B0 B JFE W% jfF i
SR04 B o B e JE L AT B AR PR A2 5 R
WEE| OIS o= N 11 -3 L BN | X {0 1 e ol D
WA, X (32) B8 — 5 E Fhe i T AR A
SERBE U0 A Bl B, 0 B I S AR R =
A 5 R P ) B B I S o AR S PR AR AR A 4 T
R T A b AT N .



80 AHAFE TRFR

2012 4

4 45 i

(1) FL AR A0 A1 4 9T 57 38 )% K & - Bishop 424
IO 1 47 5 5 B 28 XA Fredlund WU J7 4R 2548 B9t
5 568 )5 3 A 22 B AFE T 0 90 R T A RO 1 B8
x T " PIF AR SHIL AT ) B B
A BRI GTE R TARL N AKX JEEET
XURE PR A 1 A 5

(2) R AR A 5T 0T 58 B~ K A8 G ok
AR 2 B AU o BERR R SR ) A8 Bn S A
5 26, BT 7 7 A 1 Wl B 5 38 2 ik XA AN
[ . S BT AR A 50 BT 5 B A SR R L X R 2
T S R R AR R A 5 R A Z MR RRAE

(3) IR E AT MBS HE L R 1 AR A
5 B2 LS TR L B IR R B W 2 R W
2R AR A AR A B S | a8 T i A R
JEE A AN I b 5 a0 R R g () I EL S P Ak R A
Wit ot B 1 2 1= N IR 25 R R

CA) O Jom 5 A A0 R 9 1 = b e F 5. O AR
TR A Y S R R R R O 2 e S . B
A AR 10 A BB 58 5 2% X 2 2 2 T Mohr-Coulomb
SiR J3E PG T A S A AN B S it 3R A0 A - 14 B 52
T3R5 58 B R AN BE T 0 e I AR R A 5
JETEREM A AR FAE Ty . BRI A B A SR B S
S5 AR A0 AL = s 4 R S A S R
B 32 J1 AR DL AR A A0 B = 5 B2 B o8 AR IR
0 B BEAE SE A S 0 DRI AR R 5 R FEE B AR
SRS R

S % Lk

References:

[ 1] FREDLUNDD G.# T.d:MfLm = tkaE s L
FERE T, e b AR A2 4R, 1991,13(5) : 24-35
FREDLUND D G, YANG Ning. The Mechanical
Properties and Their Engineering Applications to Un-
saturated Soils[ J]. Chinese Journal of Geotechnical
Engineering,1991,13(5) :24-35.

FREDLUND D G, RAHARDJO H. Soil Mechanics
for Unsaturated Soils[ M ]. New York: Wiley-Inter-
science, 1993.

BISHOP A W,BLIGHT G E. Some Aspects of Effec-
tive Stress in Saturated and Partly Saturated Soils[J].
Geotechnique,1963,13(3) :177-197.

FREDLUND D G,MORGENSTEM N R, WIDGER R
A. The Shear Strength of Unsaturated Soils[ ] ]. Cana-
dian Geotechnical Journal,1978,15(3) :313-321.

[3]

[4]

[5]

[6]

L7]

[8]

L9]

[10]

[11]

[12]

[13]

[14]

(15]

LAMBORN M ]J. A Micromechanical Approach to
Modeling Partly Saturated Soils[D]. College Station:
Texas A & M University,1986.

VANAPALLI S K, FREDLUND D G, PUFAHL D
E, et al. Model for the Prediction of Shear Strength
with Respect to Soil Suction[]]. Canadian Geotechni-
cal Journal,1996,33(3) :379-392.

GARVEN E A, VANAPALLI S K. Evaluation of
Empirical Shear
Strength of Unsaturated Soils[ C]//ASCE. Proceed-

Procedures for Predicting the
ings of the 4th International Conference on Unsatu-
rated Soils. Carefree: ASCE, 2006 .:2570-2581.

OBERG A L,SALLFORS G. Determination of Shear
Strength Parameters of Unsaturated Silt and Sands
Based on the Water Retention Curve[ J]. Geotechnical
Testing Journal,1997,20(1) ;40-48.

KHALILI N, KHABBAZ M H. A Unique Relation-
ship for y for the Determination of the Shear Strength
of Unsaturated Soils[ ] ]. Geotechnique,1998,48(5) :
681-687.

BAO C G,GONG B W,ZHAN L T. Properties of
Unsaturated Soils and Slope Stability of Expansive
Soil[C]//ASCE. Proceedings of the 2nd International
Conference on Unsaturated Soils. Beijing: ASCE,
1998.71-98.

HOSSAIN M A, YIN J H. Behavior of a Compacted
Completely Decomposed Granite Soil from Suction
Controlled Direct Shear Tests[ J]. Journal of Geotech-
nical and Geoenvironmental Engineering, 2010, 136
(1):189-198.

HOSSAIN M A, YIN J H. Shear Strength and Dila-
tive Characteristics of an Unsaturated Compacted
Completely Decomposed Granite Soil [ J ]. Canadian
Geotechnical Journal,2010,47(10):1112-1126.
ESCARIO V,JUCA J. Strength and Deformation of
Partly Saturated Soils[ C]//BOLTON M D, LAU C
K. Proceedings of the 12th International Conference
on Soil Mechanics and Foundation Engineering. New
York: Taylor & Francis,1989:43-46.

ROHM S A, VILAR O M. Shear Strength of an Un-
saturated Sandy Soil[ C]//ASCE. Proceedings of the
Ist International Conference on Unsaturated Soils.
Paris: ASCE,1995:189-193.

TERIL. YA A L ) 2= 05 h i TR L C//
BB Y, ST PR X - s TR )
ARBIE 2 3. B AL T RE AL, 1996 . 1-9,
SHEN Zhu-jiang. Present Study Issues in Unsaturat-
ed Soils[ C]//WEI Dao-duo, GU Yao-zhang, HONG

E-hui. Proceedings of Regional Geotechnical Problems



%23

RER.F LR TREMNKN S ERAESE 81

[16]

[17]

[18]

[19]

(20]

[21]

[22]

[23]

[24]

[25]

[26]

Symposium. Nanjing: Atomic Energy Press, 1996 1-
9.

LEE SJ,LEE S R,KIM Y S. An Approach to Esti-
mate Unsaturated Shear Strength Using Artificial
Neural Network and Hyperbolic Formulation [ J].
Computers and Geotechnics,2003,30(6) :489-503.
JIANG M J,LEROUEIL S, KONRAD ] M. Insight
into Shear Strength Functions of Unsaturated Granu-
lates by DEM Analyses[J]. Computers and Geotech-
nics,2004,31(6) :473-489.

VILAR O M. A Simplified Procedure to Estimate the
Shear Strength Envelope of Unsaturated Soils[ ] ]. Ca-
nadian Geotechnical Journal, 2006, 43 (10): 1088-
1095.

MIAO L C,YIN Z Z,LIU S Y. Empirical Function
Representing the Shear Strength of Unsaturated Soils
[J]. Geotechnical Testing Journal, 2001, 24 (2) ; 220-
223.

RASSAM D W, COOK F. Predicting the Shear
Strength Envelope of Unsaturated Soils[ J]. Geotech-
nical Testing Journal,2002,25(2) ;215-220.
ek, 42 o ARMRTE Y sR EARIELT ] A+ T
PR ,1997,19(2) :56-61.

DANG Jin-gian, LI Jing. Strength Characteristics of
Unsaturated Loess[ ] ]. Chinese Journal of Geotechni-
cal Engineering,1997,19(2) :56-61.

XU Y F. Fractal Approach to Unsaturated Shear
Strength[J]. Journal of Geotechnical and Geoenviron-
mental Engineering,2004.,130(3) :264-273.
b IR AR RN B0 0 9 BE A Ak 4 4 b
(T R 2 R 2 24 2009, 30(1) : 1-4.

LI Pei-yong, YANG Qing. Study on Nonlinearity of
Shear Strength of Unsaturated Soils[ J]. Journal of
Dalian Jiaotong University,2009,30(1) ;1-4.
TEKINSOY M A,KAYADELAN C,KESKIN M S,
et al. An Equation for Predicting Shear Strength En-
velope with Respect to Matric Suction[ ] ]. Computers
and Geotechnics,2004,31(7) :589-593

KAYADELEN C, TEKINSOY M A, TASKIRAN T.
Influence of Matric Suction on Shear Strength Behav-
ior of a Residual Clayey Soil[ J]. Environmental Geol-
0gy»2007,53(4) :891-901.

Lo/ AN L SR ML AR ) R B A E X B A
TE ML AR 3Ry b i LT . 25 4 12,2010, 31(6)
1853-1857,1864.

MA Shao-kun, HUANG Mao-song, HU Ping, et al.
Application of Modified Logarithmic Model for Suc-
tion Strength to Bearing Capacity of Subsoil[ J]. Rock
and Soil Mechanics,2010,31(6):1853-1857.,1864.

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

RASSAM D W, WILLIAMS D J. A Relationship De-
scribing the Shear Strength of Unsaturated Soils[ ] ].
Canadian Geotechnical Journal,1999.36(2) :363-368.
LEE I M, SUNG S G,CHO G C. Effect of Stress
State on the Unsaturated Shear Strength of a Weath-
ered Granit[ ] ]. Canadian Geotechnical Journal, 2005,
42(2) :624-631.

HOUSTON S L,PEREZ-GARCIA N,HOUSTON W
N. Shear Strength and Shear-induced Volume Change
Behavior of Unsaturated Soils from a Triaxial Test
Program|[ ] |. Journal of Geotechnical and Geoenviron-
mental Engineering,2008,134(11):1619-1632.
ZHOU A N, SHENG D C. Yield Stress, Volume
Change,and Shear Strength Behaviour of Unsaturated
Soils: Validation of the SFG Model [ J]. Canadian
Geotechnical Journal,2009,46(9).:1034-1045.

ZRE PR BRI K R S S K e
R+ H15,1999,20(2)  71-75.

MIAO Lin-chang, ZHONG Xiao-chen, YIN Zong-ze.
The Relationship Between Strength and Water Con-
tent of Expansive Soil[ ] ]. Rock and Soil Mechanics,
1999,20(2) . 71-75.

BFT .5k Bl AR AR K SR ) SR R B E T
EREM AL K # T R¥E=%M. A AR,
2004,1(2):1-6.

YANG He-ping, ZHANG Rui. Approach to Deter-
mine the Total Shear Strength of Unsaturated Expan-
sive Soil and Its Application[ J]. Journal of Changsha
University of Science and Technology: Natural Sci-
ence,2004,1(2) :1-6.

77k S S 8 AR R O 11| R e 9 2 = Y
T A AR AL ]. + R TR 2412, 2006, 39 (4) : 58~
62.

YANG He ping. ZHANG Rui, ZHENG Jian-long.
Variation of the Total Shear Strength of Unsaturated
Expansive Soils with Degree of Saturation[]J]. China
Civil Engineering Journal,2006,39(4) :58-62.

Ve AR B AR LR R B S K Y AR R LT .
O D15 TR . 2007,26(7) 1 1499-1503.

LING Hua, YIN Zong-ze. Variation of Unsaturated
Soil Strength with Water Contents[ J]. Chinese Jour-
nal of Rock Mechanics and Engineering,2007,26(7) ;
1499-1503.

Lo/ dn, B SR S YRR T4 A N Ty R R AR
R AR A A R R B R Hon LT ] A A 1% 5 LA
248 ,2009,28(3) :635-640.

MA Shao-kun, HUANG Mao-song, FAN Qiu-yan.
Unsaturated Soil Strength Theory Based on Total

Stress Strength Indexes of Saturated Soil and Its Ap-



82

EAMFE TRFR

2012 4

[36]

[37]

[38]

[39]

[40]

[41]

(42]

[43]

plication[ J ]. Chinese Journal of Rock Mechanics and
Engineering,2009,28(3) :635-640.

RS BR B w80 R0 A 2R 3B b 5 B B % K
AP R (] MR W. A RR
2010,37(10) :20-24.

XIAO Zhi-yu, CHEN Chang-fu, YANG Jian-xiang.
Experimental Studies of the Strength Variation of
Unsaturated Residual Soil with Different Water Con-
tents[ J |. Journal of Hunan University: Natural Sci-
ences,2010,37(10) :20-24.

%R, FEHSEE W S K b5 A e Yl
o], B AL T#2,2010(1) :116-118.

LUO Jun, WANG Gui-yao, KUANG Bo. Experimen-
tal Study on Influence of Water Content on Silt
Strength[ J]. Subgrade Engineering, 2010 (1): 116-
118.

AR, AR L oK 0 R A A Y SR B R T R
FE00]. AR #37,2010,32(11) :124-125.

BIAN Jia-min, WANG Bao-tian. Influence of Water
Content on Unsaturated Soil Shear Strength [J].
Yellow River,2010,32(11):124-125.

Errsc, kg0 &L A LDR £ BT R B ) K
PERFFE LT ], DU R 2 4. TR M, 2011,43(1)
17-22.

WANG Zhong-wen, HONG Bao-ning, LIU Xin,et al.
Water-sensitive Properties of Shear Strength of Red
Clay[ ] ]. Journal of Sichuan University: Engineering
Science Edition,2011,43(1):17-22.

PR IR PR AR S R BB s S
WM IR T[], £ TR 24 1992, 14(3) < 1-8.

LU Zhao-jun, ZHANG Hui-ming, CHEN Jian-hua,
et al. Shear Strength and Swelling Pressure of Unsat-
urated Soil[ J]. Chinese Journal of Geotechnical En-
gineering,1992,14(3) :1-8.

FERLREE L INES S K T LA R R
L] A TR %, 1997,19(5) : 20-
27.

LU Zhao-jun, WU Xiao-ming, SUN Yu-zhen. et al.
The Role of Swelling Pressure in the Shear Strength
Theory of Unsaturated Soils[ ] ]. Chinese Journal of
Geotechnical Engineering,1997,19(5) :20-27.
[P 97 S o< G | X0 T B 7 U L Y Y e s
G—R[1]. 4 J1°%.2010,31(6) . 1871-1876.
ZHANG Chang-guang,ZHANG Qing-he,ZHAO Jun-
hai. Unified Solutions of Shear Strength and Earth
Pressure for Unsaturated Soils[J]. Rock and Soil Me-
chanics,2010,31(6) :1871-1876.

ISP LA I o N | iR TR (TR LT | PN
e BR 7R 2 7 i B A LD 0. TR 5 R4 2 4 B AR B2 L

[44]

[45]

[46]

[47]

[48]

[49]

[50]

2010,38(12) :1736-1740.

ZHANG Chang-guang, ZENG Kai-hua, ZHAO Jun-
hai. Analytical Solutions of Critical Load and
Terzaghi’s Ultimate Bearing Capacity for Unsaturated
Soil[J]. Journal of Tongji University: Natural Sci-
ence,2010,38(12) :1736-1740.

G S - 2 1 o R I DA E Y U o N | R (o e we
D 58 BE e — i B R AT ). o5 - TR % 4. 2011, 33
(1) .:32-37.

ZHANG Chang-guang, HU Yun-shi, ZHAO Jun-hai.
Unified Solution of Shear Strength for Unsaturated
Soil Under Plane Strain Condition and Its Application
[J]. Chinese Journal of Geotechnical Engineering,
2011,33(1):32-37.

WBRIL. AN Ly 2 S 2 B IR R [T ], 5 B AR
%4 .2006,28(2) :256-259.

SHEN Zhu-jiang. Exploitation of Practical Use of Un-
saturated Soil Mechanics [ J ]. Chinese Journal of
Geotechnical Engineering,2006,28(2) :256-259.
PR, BR AR K L 5 2 I, 55 P 0800 Jy 7E AR 4 A 4
IRkt g i LT A A % 5 TR
1% ,2008,27 (38 2) .3341-3348.

CHEN Tie-lin,CHEN Sheng-shui, ZHANG Wei-min,
et al. Application of Reduced Suction to Earth Pres-
sure Calculation of Unsaturated Soils and Swell Incre-
ment[ ] ]. Chinese Journal of Rock Mechanics and En-
gineering,2008,27(S2) :3341-3348.

[ R | I S/ (i | (e e U )
R[] &A% 5 TR, 2010,29(9):1901-
1906.

HU Zai-qiang, LIU Lan-lan, L1 Hong-ru, et al. Study
of Equivalent Suction of Unsaturated Loess[ ] ]. Chi-
nese Journal of Rock Mechanics and Engineering,
2010,29(9) :1901-1906.

VA . WOREIE] I g R P PR AR AR RN - e B it T T
W A L TR .2001,23(4) :412-417.

TANG Shear

Strength in Unsaturated Soil Based on Suction Be-

Lian-sheng. New Suggestion on
tween Grains[ J|. Chinese Journal of Geotechnical En-
gineering,2001,23(4) :412-417.

MATSUOKA H, SUN D A, KOGANE A, et al.
Stress-strain Behaviour of Unsaturated Soil in True
Triaxial Tests [J]. Canadian Geotechnical Journal,
2002,39(3):608-619.

HOYOS L R,MACARI E J. Development of a Stress/
Suction-controlled True Triaxial Testing Device for
Unsaturated Soils[ J]. Geotechnical Testing Journal,
2001,24(1):5-13.



