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UNSATURATED SOIL STRENGTH THEORY BASED ON TOTAL STRESS
STRENGTH INDEXES OF SATURATED SOIL AND ITS APPLICATION

MA Shaokun® # ®, HUANG Maosong?® 3, FAN Qiuyan®
(1. Guangxi University, Nanning, Guangxi 530004, China; 2. Department of Geotechnical Engineering, Tongji University,
Shanghai 200092, China; 3. Key Laboratory of Geotechnical and Underground Engineering of Ministry of Education, Tongji
University, Shanghai 200092, China)

Abstract: It is very difficult to resolve or measure matric suction in engineering practice, because the matric
suction is not constant especially under undrained condition. The degree of saturation is relatively easy to be
measured, so the shear strength formula about saturation degree instead of suction has valuable significance in
practical engineering. A new formula based on strength indexes of saturated soil is proposed, which can be used in
whole engineering practice range including unsaturated soil and saturated soil. More intrinsical characteristics of
engineering can be reflected. Proper parameters for Yunnan red clay in the above-mentioned formula are
determined based on the results of soil-water characteristics and constant water content triaxial tests. Finally, the
undrained shear strength formula is utilized to analyze the bearing capacity of foundation; and the conclusion that
the bearing capacity increases with the reduction of degree of saturation linearly is drawn.

Key words: soil mechanics; ultimate bearing capacity of foundation; unsaturated soil; shear strength; rigid
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Fig.1 Soil-water characteristic curve of Yunnan red clay

22 REEE
ARV K FCHs oeE GDS X #s k& f

BR 2 J) 2R Pt AR A - = alikae 2, Jom
54 STDTTS_UNSAT, F#fh 3 #aodlmk: K
. O MERGEMEN S RERS, WK 2 iR, 1%
R WFE AT TSP 4ed ], BPARGT . TS
i 4 AN E(FE . #lUE . SUBRAE T3 RFLEIK
7). Bl R A R G s Py B KT iy S AL R
PFNZEVER R AL IR 28 5 RAR RS« B AR U
Hees . T HdE R AR 7261 GDSLAB #t
PURESE, BT A Y i LR A

ATHE
q Aﬁ&é
SEETTIT A [

3 FE ()42 1) 2%
3 R B Bk (R4 | # g

K2 GDS MR+ =B btee Zg

Fig.2 GDS system for triaxial shear test of unsaturated soil™**!

AERGEKHAPF R RRE R ), AR
g 55 ] F DRI (U, ) TR I AR s E AR, R
Uiy 5 FLBRIK R ) 28 ke AR, DAIE I s <Uf
P AR B AL ALK R (U, o i AR P AR T4
MU VK B H kY, A D) A s R e e
BRI fse KW B JE A el ik, 4l g il il P 3 1)
We 3o TR RE P S 4 I AL OK) e 5 R AL
ORI, 3R A AR g s 55T B 4 il R Wi
71:1[11%15]o
23 REHERRST

ARUGRIG LR L IH =R R —2 7 Bl
AP KO+592 brBt, &M HAA RRL 7 & (55%~
70%). PR iy IR S, AERARIRAS R HIRIRER,
FLBREEOR, FHXTEERER, BiE RN . H B )2
febring 1 iR,

®1 AR LRI AR
Table 1  Physico-mechanical indexes of red clay

) - TIZT)L :F"-TIZTX 2
L s o ot oy TSR SR g s
o WL% wel% Al Tk A m% m% e W%  SJ/%

287 43 24 19 30 1550 1832 0.95 251 75

Bl 3 DAy i 1 Al 1) B AR R AR 2R, T B



284 3

e N B YL e YN e E AU (40 e w5 S Y S WA

600
—&— 3= 100 kPa
—a— 03=200 kPa

—k— 3= 400 kPa
400}

(oy— o3)lkPa

&l%

(a) Sr=100%

6001

400+

(oy—oy)lkPa

200+

—&— 03=100 kPa
—a— 03=200 kPa
—&— 03=400 kPa

0 4 8 12 16 20

&/%

(b) S,=75%

600

400

(oy— o3)lkPa

200

—e— 03= 100 kPa
—a— 03=200 kPa
—&— 03=400 kPa

&l%
(©) S:=60%

IR NP ESE DIV PSS

Fig.3 Relationships between deviator stress and axial strain

H AEAR R R I i S ) 1 Sk B P A )
PRl TN, A DB AT E PR kD, W T 1
n, HUETSREE ARSI I, [, HOBOR, A
IS FR) i A 7 8K

Bl 4 SR g B AR AR LR, TRUR
W A E B DA YT B A Al 1) AR 3 o PR b, X
T ZE LUK B 8ok A3 KA n 5 &, HEE
FHABUKIERE R TRE. Mt DA A
BRI GATT (ST ) P8 9 5 R 34T e 401
iy B AE R BOASE AR B v 5 T E R

© 637
&l%
©
a
X
=
>
|m
S 8ot —e— 03= 100 kPa
—a— 03= 200 kPa
—&k— 03=400 kPa
—120L
(@) S=75%
&%
4 8 12 16 20
O . : : : :
—e— ;=100 kPa
40 —a— 03 =200 kPa
- —&— 03,= 400 kPa
©
o
X
=
7 —s0p
=
<
—120F
—160L

(b) Sr=60%
4 Ry B ) AR (AR i 2
Fig.4 Variable curves of matric suction with axial
strain

3 FdetEFtaIEEAR

Bl 5 DY AN PR BE I i R (0 2k, T LU
B AR s>, ¢ Rl i, X 5% 4
AT AR g RIS SRR, PO
JEBUN: BIRKEX IR T) o MRS Exs P EEHE £
RIS MR BE D 1 A

5001

kPa

)

o s
(%]
|
S
<
X

0 200 400 600 800 1000
olkPa

KI5 =hindie 5wy R 4

Fig.5 Total stress strength envelopes of triaxial tests



* 638

HA D1 TRER

e el PSR 45 SR A b At
PRI BNy 5 28 3o HIR e 2 s S 15 12
BURARISEAaWE, e DL A T 2R H 4K,
YR LAY SR S HAIG, SO I B 52 21
R RIBR . A A G | AR L BT 9 S A
ST AN AT R M AR AN BT s A5,
({05202 4 S SRS (S O U o L ol 1 £10)
IS/ I

¢ =me2®-s) 1)

2
¢=n+d|n(%j 2

LF: m, n, a, b, dAESH.

1S, =100% I, LKA THIARE, W45
m =, (¢, K SE IR R TT), n=g, (¢, AT
AV 1) 4 BEHE A1) o

Ha(2), (2)nrfiitk

C = e3¢ ©)

S2+1

¢:¢O+dln( '2 J 4)

MA(B), @)FTLLEH, 2 S—~0 I, ¢ Mok
PR 1T S — 1

FIHEF R BN Kk R R M 4
G2 AN HPARAR B AT, F R WA 6,
7 Fim. hTE HRBEEMR AR, o
AR (), (B TRIE .

2801
240
200

160

c/kPa

120

ok ERBEERL U

S0F ----2 EABEEINLLE
—AXER
40 1 1 1 1 1
0 20 40 60 80 100
Si/%

6 AN IR PR B2 I 86 58 0 B v S0 5 R0 i B
Fig.6 Comparison of calculated and experimental data of
cohesion with different degrees of saturation

AT, AR OB R A
MIAROR, TR R R e 4R )

2009 4F
80 s 1] N
o Ok AR B
---- % Rt s g R
P, ——ARXEH
60F

0 20 20 60 80 100
S/%
K7 ANIRI VR RE IR Py RE R £ 1) o S R R0 a0 LA
Fig.7 Comparison of calculated and experimental data of
inner friction angle with different degrees of
saturation

ORI AT A HREE RIBR B
GORRRAE IR, HIE S KB, ARE
WM B, ORI eI @ 551 0 21
T 0, XEWARE TRESLPEAT . [RI AR R
i, AIRESE o Al ¢ ZRGHER K, BRAEIER.
AR AR AT I, ¢, AR
G v e A R, T DU AR AL A - AT
ARMAI L, TS TR R AT 2 TR A
FERPUBT IR R AR o [R]IN i A2 A A A s i
3 O AT EE )Xo P3RS A1 ) SE M AN U 6 2 2 5%
Wi W Sk, DA SRV B2 I 26 5 ) R R S T
e S AR TREFF L
K8, 9 AR EE M AT 2 &
KR 45 R TIE LR, 31 2 i AR
Rty o~ U R0 T
2401
200

1601

120+

c/kPa

80

40F —iHE1H
* KEE
=20 40 6 80 100

S%

Bl 8 A [V R I 86 5% 0 g vk A AT 0
Fig.8 Calculated and experimental cohesion with different
degrees of saturation



284 3

e N B YL e YN e E AU (40 e w5 S Y S WA

* 639«

32r

28

24

(%)

20

16 — i3tk
* KBME
12 L L 1 1 |
0 20 40 60 80 100

S%
B9 AN [V PRI IF Py JER 2 £ P AR AR R S 30 4

Fig.9 Calculated and experimental inner friction angle with
different degrees of saturation

C = e3¢5 =31e2¢-5™) ()
2 2
(0=§0o+dIn(s’;lj=14.4—19.8In[8’2+1] (6)

WHEX(5), (6), #hnl LU AT 2L — 1L A&
FIAHER U R S 5

4 HEtaFnt i ERE N

FRAHT ST A3 2 0 2« B AR RN L0 R - P By s
SRR A OO R ECRTRE 1) 4% T8 W SE il
A (TCHB ) 7EAN [ AN R B R AR ) EAT 20 #0T
JEHL 7 Fhisel, EDS, =15% , 30%, 45%, 60%,
75%, 90%, 100%. HABZE A KK L b=5m,
y=1832kN.-m %, E =2.88 MPa.

KL EFH BN SRR ¢0 o FREARA T
(AFAELEL v =0.49 ) kb 21, A I A3 BR 7 i b 5 1
ANSYS JEAT 30T ISR, T K
HHL 9b, W 6b . EFRICHHTIER, 5
AN BRI L S A, WK
) R AS B 20 o MK 5 AL B LI . R
VUL T% )\ s IR 56, A BRI kR i 10 s

Kl 10 AHRcM%
Fig.10 Finite element meshes

EOER G 2 K(E), (B)TH AN AT
xR IAHEK ST SR 24, Wl 11, 12 P

200
160

120

c/kPa
*

80

0 20 20 60 80 100
Sil%
K11 ZR5MMERXRE
Fig.11 Relationship between cohesion and degree of
saturation
281 *

241

ol(°)
.

*

20 40 60 80 100
Si/%

K12 RS SRR AR
Fig.12 Relationship between inner friction angle and degree
of saturation

B 13 Dy AR VNI I P s A PR AR 38 e g
G W p, AR RS, ATLLE

351

3.0r

251

pu/ Puo

20F

20 40 60 80 100
Si/%
P&l 13 AN [ VRL AN 2k Pyt B A SR R 48 4 v AR 4K
Fig.13 Magnification coefficient of ultimate bearing capacity
of foundation with different degrees of saturation



640

HA D1 TRER

2009 4F

I PR3 PR 4 B A 2 ) B e P
5 & &

(1) ASCHRH T AHEAR (R 5K E) F AR T 12
TN RN SR SR AR PR R A 5, BERSAE
VAT AR A ARG IR AR, SEBP AR
o FI BTN R ESH, AT ik AT
FHRAR A SO & T FI R B, AT S 4 1
R Ay P Tl i 175 450, (LO0% B, 0%) Fif 2t 2R J Al py JBE
B ML E B R RI AT B4 28 . T RE
24 1) AR AN et i A W g ORI TR JRE ) %ok 9 JRE 5 41
RIS AN D106 266 5 0 S0 Wi S LA A AR VL A JEE I 28
RN BEG A TRUE S5 L AR TR

(2) HiEARMUR IR 1 - JKERAE i 2 S 5K
UG R, BE TEM T A AR
FRUAE S

(3) K T3 PUBY a2 SN - R AR 2 ) 2y
Hrep, 15 IR AR 38 ) BB VR R g b A 2k R4
r4sie.

3 i R G AR P T e P RO, [R5 1
FE L RS BR b BT OG0 R D YE R 0~1 500
kPa, MU BA AT R RE G A RIAR S RB, 3C
BB R 2 SR A [RGB AR Y ], i

B

& Z ik (References):

[1] VANAPALLIS K, FREDLUND D G, PUFAHL D E, et al. Model for
the prediction of shear strength with respect to soil suction[J].
Canadian Geotechnical Journal, 1996, 33(3): 379 - 392.

[2] KHALILI N, KHABBAZ M H. A unique relationship for y for the
determination of the shear strength of unsaturated soils[J]. Geotechnique,
1998, 48(5): 681 - 687.

[3] FREDLUND D G, XING A, FREDLUND M D, et al. The relationship
of the unsaturated soil shear strength to the soil-water characteristic
curve[J]. Canadian Geotechnical Journal, 1996, 33(3): 440 - 448.

[4] VANAPALLI S K, FREDLUND D G, PUFAHL D E. The influence of
soil structure and stress history on the soil-water characteristics of a
compacted till[J]. Geotechnique, 1999, 49(2): 143 - 159.

[6] AR, &R, AEEA LR RIS TR S RD]. AL
FE2%31, 2006, 28(2): 129 - 136.(BAO Chenggang, ZHAN Liangtong.
Relationship between unsaturated soil behavior and engineering
problems[J]. Chinese Journal of Geotechnical Engineering, 2006,
28(2): 129 - 136.(in Chinese))

[6] WIfEsm, VRERIL, e S A LA BR D] A

iyl

(8l

[9]

[10]

[11]

[12]

[13]

[14]

[15]

TAE2H, 2004, 23(24): 4 142 - 4 146.(HU Zaigiang, SHEN
Zhujiang, XIE Dingyi. Deformation properties of structural loess[J].
Chinese Journal of Rock Mechanics and Engineering, 2004,
23(24): 4142 - 4 146.(in Chinese))

WOREE, RALE, BN, & NN AR TN AR M)
FrPEQR) A4 %5 TR 24, 2004, 23(15): 2 599 - 2 603.
(HUANG Zhihong, ZHU Lijun, LIAO Yiling, et al. Mechanical
properties of red clay under different stress paths[J]. Chinese Journal
of Rock Mechanics and Engineering, 2004, 23(15): 2 599 -2 603.(in
Chinese))

ESCARIO V, JUCA J. Strength and deformation of partly saturated
so0ils[C]// Proceedings of the 12th International Conference on Soil
Mechanics and Foundation Engineering. Rio De Janeiro, Brazil: [s.
n.], 1989: 43 - 46.

TEKINSOY M A, KAYADELEN C, KESKIN M S, et al. An equation
for predicting shear strength envelope with respect to matric suction[J].
Computers and Geotechnics, 2004, 31(7): 589 - 593.

TRERVL. ARG AR L ) S ST ) E[CL XA i
TR AR TR R S04, FIRt: ST e RAL, 1996: 1 -
9.(SHEN Zhujiang. The problems in the present studies on mechanics
for unsaturated soils[C]// Proceedings of the Symposium on
Geotechnical Aspects of Regional Soils. Nanjing: Atomic Energy
Press, 1996: 1 -9.(in Chinese))

v e, BRORVE. ARMLAN LSRR SR BRI E L
Fi2e4lt, 2007, 26(7): 1 499 - 1 503.(LING Hua, YIN Zongze.
Variation of unsaturated soil strength with water contents[J]. Chinese
Journal of Rock Mechanics and Engineering, 2007, 26(7): 1499 -
1503.(in Chinese))

B PR, B, A ARMRIZIE TR e e Ytk
W], 5412, 2003, 24(1): 13 - 16.(YANG Qing, HE Jie,
LUAN Maotian. Comparative study on shear strength of unsaturated
red clay and expansive soils[J]. Rock and Soil Mechanics, 2003,
24(1): 13 - 16.(in Chinese))

MORR, BR S, RAERR, S RIBECERARRA = RaR R[], A
+ TR, 2006, 28(3): 317 - 321.(YE Weimin, CHEN Bao,
BIAN Zuoxiu, et al. Triaxial shear strength of Shanghai unsaturated
soft clay[J]. Chinese Journal of Geotechnical Engineering, 2006,
28(3): 317 - 321.(in Chinese))

FE R, REAR. AR AT A58 B 1 = SRS T3]
1 TR, 2006, 28(2): 196 - 201.(ZHAN Liangtong, NG C W
W. Experimental study on mechanical behavior of recompacted
unsaturated expansive clay[J]. Chinese Journal of Geolechnical
Engineering, 2006, 28(2): 196 - 201.(in Chinese))

RFA, Br Bl ARMA LB T R S RO IR L] AL
FE244), 2006, 28(2): 123 - 128.(NG C W W, CHEN Rui. Advanced
suction control techniques for testing unsaturated soils[J]. Chinese Journal

of Geolechnical Engineering, 2006, 28(2): 123 - 128.(in Chinese))



