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Strength criterion and verification of transversely isotropic unsaturated loess based
on spatial sliding surface variation
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Abstract: In order to scientifically predict the strength and deformation characteristics of large-area fill foundations, a
comprehensive and systematic study is conducted on mechanical properties of transversely isotropic unsaturated remolded loess
through theoretical analysis and systematic indoor experiments. Firstly, based on the strength theory of spatial sliding surfaces
and considering transverse isotropy, and unsaturated characteristics of layered foundations, matrix suction and transverse
isotropy parameters are introduced into the Lade Duncan strength criterion, and the strength criterion for transverse isotropic
unsaturated loess is established; Secondly, various unsaturated triaxial and true triaxial tests with different stress paths are
designed to determine the relevant parameters in the three-dimensional strength criteria for transversely isotropic unsaturated
loess; Thirdly, strength, deformation, and water content variation characteristics of transversely isotropic unsaturated remolded
loess are revealed; Finally, the strength criterion proposed in this article is compared and analyzed with the verification test
results, as well as the Lade Duncan strength criterion and Mohr Coulomb criterion, to preliminarily verify the rationality and
applicability of the transverse isotropic unsaturated loess strength criterion based on spatial sliding surface variation. The
research results can provide theoretical support and scientific basis for the design of large-scale fill engineering, and are of great
significance for promoting the strength theory research of unsaturated soil mechanics.
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A A A AL N A A N
E 5 E E 5 E E
100 487.7 439.0 303.2 282.9
50 200 922.7 834.1 584.5 547.5 0.10 0.09 1.23 1.13
300 1268.1 1245.7 828.4 819.0
100 542.7 458.4 326.1 291.1
0.25 100 200 973.3 898.1 605.5 574.2 0.11 0.10 0.1067 1.24 1.14 1.21
300 13725 1312.9 880.2 847.2
100 627.5 591.8 361.5 346.6
200 200 1105.6 1017.0 660.7 623.8 0.13 0.12 1.27 1.23
300 1460.3 1377.8 908.5 874.1
100 625.8 531.5 412.9 365.8
50 200 970.7 887.2 685.4 643.6 0.39 0.24 1.26 1.22
300 1368.9 1358.1 899.5 884.0
100 704.0 601.5 452.0 400.8
0.5 100 200  1066.7 982.3 733.4 691.2 0.42 0.34 0.3712 1.32 1.31 1.32
300 1398.6 1378.9 999.3 989.5
100 851.5 757.5 525.8 478.8
200 200 1164.8 1062.2 782.4 731.1 0.44 0.39 1.43 1.39
300 1500.2 1420.2 1050.4 1010.1
100 820.9 737.9 578.9 530.4
50 200 1078.4 986.3 829.1 775.3 0.53 0.49 1.49 1.42
300 15873 1443.8 1125.9 1042.3
100 876.3 781.4 611.2 555.8
0.75 100 200  1100.6 979.2 842.0 771.2 0.57 0.52 0.5433 1.53 1.48 1.51
300  1906.9 1698.5 1412.4 1290.5
100 1021.7 913.9 696.0 633.1
200 200  1251.5 1205.5 930.0 903.2 0.60 0.55 1.60 1.54
300 20439 1832.1 1492.3 1368.7

2.2 W EEMIEEFAE L =R

(D X565 % SOt 2

AT T WA AR AN = HHPK TR, 3
TF 12 AR5, 25 1 dH M ) rORR T 1 = il ] 25 K BY
PHALS, AT 7 9 MNMlEe, WA KoCD 58, 5
FEHH Ko Tl 25 70 [E 25 55 U1 AP Bt 4L o 15X 56 T 6T
AXERFEAT T AR, R 7340 5018 50, 100,
200 kPa, & (o3—ua) 437124 100, 200, 300 kPa.

55 2 2N U T 1 = [ A HE KBS VDR, AT
T 3ANREE, AN Ko'CD 5, iR e i 5 5
718950, 100, 200 kPa, %L (o3-ua) N4 200 kPa.
ZARIGH FE YU A N R ), TRl ALK 75
mmX 75 mmX 150 mm K~ B HIE B A B A
DURR T (R 45 )[R PR, PR B = i GHAT Ko
TE 4, B RFERR EAA AN 39.1 mm, N 80
mm (1] =R . BARIRE T Z 5 T3k 3.
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Table 3 Triaxial consolidation drainage shear test scheme

iR HHEIE (o3ua) /

e H T J1/kPa Pa R
50 100 fi] 45 55 1)

];"%3 100 200 [# 45 811 47)
200 300 fi] 45 85 1)

. 50 IFi] 45 By 1)
Ii%%) 100 200 [# 45 311 47)
200 [ 45 83 4]

(2) RIGLE R

K 10, 11 20518 KoCD R4 M Ko'CD RE g-¢a
K ev-ea KR . HRRMLETTA, PIFHRL IR
P R AR TR AR AL o 3RE (1 B ) — A% i 2% B8 Sy B AR
fiifk A, Hig e g, JooRIEE . 72l
AT, KoCD RS aRE (1 f B2 7 B 3K B0RaE (e
T A ARO[ () BE RN SR, XS BY IR 71
e 18 LB RBURRD 17 J 3G I AR 2% (BB BY TR AR 1
BN, A AARSEURE [R] AR B R T AR, ORI [A] R R
R A TR ). 4R o RN B R 48 KT
TUURE ) PR R PR AN A P 2 30, A4S 1) W L 7
K, RS 2R IR R 2R AR o 2494 Bl R
AN PR ) i B R B Y WIS L R AL B SLI BN
AR BRI ORES o ARSI AR, PR 1l
RN T BIAEIRES . SR BIREIR R AR A 2 5
JER, REDGHE HLH R HERIIZET, &
Bl B, R R A R AR K (R Ay A A = 5
LA ZE RIIE 17, HARE SRR S T8N .

K 1) AR Sy 15 %] (R R T3 N BER R 7T Cges pe)s
B RAT BRI N B A o IR R R T ¢
FITF 4. B3R 4 051, AFEYILE K TR PRFEERAT
T =8RG, I gefE peEARVER T ¢ BIFEER
FIHIBERIIE K KoCD IRIGIRFEI A 2L BESR A o't
BEWR TGRS R . BRI 77 200 kPa, ¢l 200 kPa
) Ko'CD iRIGHEIRN. /1 (g pe) BEKT KoCD 5,
HAR R FF M) gefH pefl HRNELEAM oH K
MBFTT ¢ [HIIAFAE “KoCD R >Ko'CD R4 9%
FRo HEHEHES, PIFHRIRIREE IR ) 2 ER A

10T a1 4150 kPa, %FEFE100 kPa
& g| o HH50 kPa, %5 [E200 kPa
s —&— 1% /150 kPa, ¥+ FE300 kPa
S 6
X
S
I
1)

16

& /%

AU A LWN= O N AN O ®
—

&a/%

(a) K750 kPa

10 [ —=— 1% #7100 kPa, %8 JE 100 kPa
| —— %1100 kPa, 5 FE200 kPa
—4— 1§ /1100 kPa, %+[E[E300 kPa

(0,-03)x100/kPa

16

& /%

&a/%

(b) %7100 kPa
12 = "%F1200 kPa, ¥ HE100 kPa

—— 1§ #1200 kPa, #: 6| FE200 kPa
" —A— 1% #1200 kPa, ¥ 5300 kPa

(01-03)x100/kPa

AN A W= ONAOOA
T

16

&,/%

&/%
(c¢) W F7200 kPa
10 KoCD 'Eﬁ-qﬁ q-Sa& Ev-Ca %%Hﬂzji
Fig. 10 g-&a and &v-¢a relationship curves of KoCD test

_—=— I 150 kPa, ¥:FEI[E100 kPa
—o— 1 11100 kPa, ¥tFH FE200 kPa
| —*— %4200 kPa, ¥ FE300 kPa

(6,-05)x100/kPa

AU AWLWN=O N A A
T T T

16

&, /%

&a/%

11 Ko'CD iR g-g0 B ev-ea = FRBHZE

Fig. 11 g-ga and &v-¢a relationship curves of Ko'CD test

Zx R, RO 1a] [F) 1 AR AN B s R v U
WA S MSLBH, BAIRBE m, ke no Qs po
Hdr, m, kCHE=HRIGA L, RS n0, Qs
p B = 2 ik 45

SXoF A i) AR I A AR 88 e AR T R 3R AT v N
=EHETUIREG, B 9.=31.24° Fil 9,=27.00° . K5
AN (12), FTLAAS H =R B U404 T R R0
TR FE ) =R ST EE Re=3.1545 A1 B ) I AR 1 1k A
R=2.6630, % b {EH A 0.25, 1% H £ (o5-u2) A 100 kPa,
W =l BRI R ) 2 B 7 AR (14D, TTRAAR
o 7=11.047, 5w=7.766 F1J5 MK n.~=1.853,
m=1.876 0 N 1) PORR I R 0 B8 [ YO AR T B R T
HAERRANRIL QD o, aTRIBSZASH—Iu Ik 07
T



%5 10 Y] S8 A, S T RV S AR A AR 17 [ 1 AR PR B iR R v DU R I 2191

x4 ZHAERESH

Table 4 Strength parameters of triaxial specimens

W Hi/ R qi/kPa pikPa 0'l(° ) c/kPa

kPa kPa  KoCD il Ko'CD ikl KoCDikls Ko'CD i KoCD i3 Ko'CD k36 KoCD A4 Ko'CD ik
100 322.6 — 207.5 —

50 200 536.4 510.6 378.8 270.2 29.77 37.82
300 717.3 — 539.1 —
100 375.2 — 225.1 —

100 200 569.5 525.1 389.8 368.4 30.16 27.00 47.12 40.97
300 778.8 — 559.6 —
100 469.4 — 256.5 —

200 200 672.4 680.1 424.1 426.7 33.78 56.06
300 967.5 — 622.5 —

5 R EEMIEAMETEEENSHK (1)

Table 5 Strength criterion parameters ( [ ) for transversely isotropic unsaturated loess

TRERT HENDREDL  H (03 u.)/kPa 70 Qs p L p p
z y
100 131.20 0.0982 1.853 1.876 0.053
0.25 200 138.47 0.0983 1.853 1.876 0.085
300 147.28 0.0984 1.853 1.876 0.112
Qs 100 78.17 0.0931 1.858 1.894 0.129
et 0.5 200 100.66 0.0932 1.858 1.894 0.174
h 300 125.55 0.0933 1.858 1.894 0.213
100 69.90 0.0901 1.861 1.906 0.221
0.75 200 95.76 0.0902 1.861 1.906 0.236
300 110.14 0.0904 1.861 1.906 0.253
T]nz :n0[1+!23(1_3n22)] ’ (15) 1200
2
T]ny = T]O [1 + .(%(1 - 31’1/‘, )] o 1000 —=— ¥#EIE100 kPa

—e— ¥t HH JE200 kPa
| —— #EE300 kPa

L SRAFHE AT LIS HSH ne=131.2 AT 2:=0.098

g

s, AT b 0 05, 075 IIGHIESY Sa s
ROV ARERH p HOTH i, HETREGS K p. FTF v

BEMHBEOITR S, S, M b 8T, B =
nor s BEFREIEROBUNTIROR, (HBERE b (EANEATE 2

Wl B, B p Wi b (RIS EERRATIR K.

3 ?ﬁfﬁ?’ﬁﬂ'ﬂﬁiﬁ&ﬁ’fﬁ (b) »=0.5
AATHAT T 9 NE A ESAHK IR, %

1400 [
HIFE B 7124 100 kPa, & (o5-ua) 24 100, 200, 00l
300 kPa, 1R RS b 4 HIH 025, 0.5, 0.75, o iggéﬁtﬁi
—— 300 kPa
12 AE =HESAHKIRE g-e K FRHZ, HE :
S 800
12 0 A1, AE] b AR A N SRR 1)) it 2k %
FNASREALRY,  HL R 2R3, TE B AR A . & 600
WIRR ST Cqe pe) R BARTRE S K 6. 400
1000 [ 200
—=— Y H FE100 kPa : ,
800 [ —o— ¥[H 200 kPa 0 2 4 6 8 10 12 14 16
—&— Y4B FE300 kPa €%
e:: 600 | (¢) b=0.75
T 400] 12 A HESRHKIRE g-0 2 Rtk
- Fig. 12 g-&a relationship curves of true triaxial consolidation
2007 undrained test
e M 6 HPEE T LR Y, UL e (R A ]

/% ZEAHEK L =i i6 45 2R 5 [ S5 HE KO = ik g4 2R

(a) b=0.25
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Table 6 Strength criterion parameters (1) for transversely isotropic unsaturated loess
hENS W/ 15 BZEAHK  EaHoK  BES&AHE BEHPK
" qt'’kPa pi/kPa
ES Q) kPa (03~ua)/kPa m1E m1E IK ke ke

100 504.5 310.2

0.25 200 660.1 475.0 0.1314 0.1067 1.0882 1.21
300 793.1 630.5
100 593.9 347.5

0.5 100 200 877.9 565.8 0.4432 0.3712 1.2002 1.32
300 998.4 716.0
100 813.6 439.0

0.75 200 930.6 587.8 0.6012 0.5433 1.3451 1.51
300 1221.8 809.1

PR R E S B, IRZEBEHITE 19% AN .

13 9 Bl B = FAHEK G 25 5 DL S Vi 4128
= Hhil5G 45 B 5 Lade-Duncan 53 & #E ] . Mohr-
Coulomb #ENI¥IXTEE . HI P 13 W%, AU 10 AR
R R 5 B A D 5 3R 140 82 7 722 ) o (1) 58 FE AR IR
[ 260 il =Mk, 1Z#EN 5 Lade-Duncan #E ]
FER AR T R B th 2R B AT &, mf DUR At i
DU PRI 25 B, A2 75 (]38 1T A 79 ot P2 A D
DN 22 ) I TSGR, A6 I 23 ) 3R 79 5 1) TR AN
AL, Bl T g, WA SS R, &
SREA— BB, AL i Lade-Duncan #
T3t v L FIN 1 2y 2% ()3 1T A8 23 K 2 73 23 [T
F5RE, 1 Mohr-Coulomb #E ) i AR M T 1 v 328
(e T TDAR R AE, AR ST Hh PRI AU 2% e [ 2
AV R R R A D B A0 £ 6 I8 g 7 [l o A e b T
DT Fh 56 25 BT 2R I L R 1 i B AR L R

——— BEOUR A 1 {0 B
—————— Lade-Duncan%EN]
— — — = Mohr-Coulomb¥E N

v PRFRE 4 =R B

o FLERIARHEAK BB B

oy Ty oy

13 wFELE= RN ER SR EENRIXTEE
Fig. 13 Comparison of true triaxial test results and strength criteria

on eccentric plane
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