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Abstract

The Ili River Valley region in Xinjiang constitutes a significant permafrost zone in northwest China,
presenting a unique and complex geological environment that poses formidable challenges to engineering
construction. Under the influence of natural climatic factors, particularly the repeated freeze-thaw cycles,
pronounced engineering geological effects are induced. During the freezing period, temperature gradients
drive groundwater migration upwards, causing frost heave in the surface loess. This increases the self-weight
of shallow soils while simultaneously reducing their permeability. During the thaw period, water finds it
difficult to infiltrate effectively. Simultaneously, it rapidly percolates through enlarged permeable pathways
created by freeze-thaw degradation, significantly increasing moisture content and softening the underlying
loess. This leads to a sharp reduction in strength, causing shallow loess landslides and engineering defects
such as embankment heaving, pavement cracking, differential settlement, frost heave, and subsidence.
Consequently, engineering projects in the Ili region particularly for high-grade highways and railways
involving subgrade, slope, and foundation treatment must accord paramount importance to the impact of
seasonal freeze-thaw cycles on shallow soils.

This study examines loess from the Zeketai area of Ili. Through conducting non-consolidated, undrained
triaxial tests under wet-dense-freeze-thaw cycles, it reveals strength degradation and height variations in soil
under these three factors. A novel sampling methodology was proposed and validated for its feasibility and
rationality. Consolidated drained triaxial tests analysed stress-strain curves, volume-strain curves, strength
parameters, and surface degradation patterns of undisturbed and remoulded soils under varying confinement
conditions, establishing structural parameters for freeze-thaw-cycled soils. Through SEM investigations,
comparative analysis of the internal structures of undisturbed and remoulded soils was conducted,
corroborating the reliability of the experimental research. A damage constitutive model consistent with the
strength behaviour of soils subjected to freeze-thaw cycles in this region was proposed. The principal research
work and conclusions are as follows:

1. A novel specimen preparation method for inducing soil deformation was proposed by manually
preparing specimens without upper confinement under freeze-thaw cycles. The mechanical properties and
surface degradation of Yili structural loess were analysed through UU tests. The strength of shallow Yili loess
decreased with increasing freeze-thaw cycles, though it showed a slight increase at a moisture content of
20.25%. Moisture content exerted the most significant influence on soil strength, followed by dry density. At
low moisture and dry density conditions, fewer freeze-thaw cycles were required for the stress-strain curve
to transition from softening to hardening; under high moisture conditions, the curve exhibited a consistent

hardening trend throughout. When the normalised strength K was less than 0.5, the soil strain curve hardened;



when K exceeded 0.5, the soil strain curve softened. Under freeze-thaw action, the height of unsaturated
shallow Ili loess exhibits minimal variation at low moisture contents and near optimal moisture content. At
specific dry densities, height changes follow a dynamic pattern: increasing, then decreasing, then increasing
again. A comprehensive damage coefficient incorporating initial moisture content, dry density, and freeze-
thaw cycle count is proposed. The coupled damage constitutive model developed satisfies all three of the
above criteria and is applicable to structural loess. This model can accurately predict changes in the stress -
strain curves of shallow loess in the Ili region, as well as those of structural loess, under wet, dense and
freeze-thaw conditions.

2. Through conducting CD tests on artificially prepared saturated specimens subjected to freeze-thaw
cycles without upper confinement, a comparative analysis was performed on the mechanical properties of
undisturbed and remoulded soils. This yielded the variation patterns of structural parameters in soil under
freeze-thaw cycling conditions. Concurrently, the novel specimen preparation method enabled clear
observation of surface degradation patterns in saturated soils following freeze-thaw cycles. Soil strength
under fully confined freeze-thaw cycles exceeds that under unconstrained freeze-thaw conditions. Prior to
freeze-thaw cycles, soil volumetric change exhibits an initial increase followed by decrease with strain,
indicating shear expansion followed by shear contraction under loading. Post-cycle, volumetric change
increases continuously with strain, reflecting sustained shear contraction. With increasing freeze-thaw cycles,
both cohesion and internal friction angle decrease progressively in both undisturbed and remoulded soils.
Under fully constrained freeze-thaw cycles, cohesion and internal friction angle are higher in both
undisturbed and remoulded soils than in their unconstrained counterparts. Structural parameters of fully
constrained soils under freeze-thaw cycles are significantly lower than those of unconstrained soils, with this
disparity widening as cycle numbers increase. As the number of freeze-thaw cycles increases, surface
degradation of the soil gradually intensifies. The number of surface pores increases, and pore size expands.
The number of pores and pore size in unconstrained soil are both greater than those in fully constrained soil.
When the cohesion and internal friction angle of the soil fall below a certain threshold, surface degradation
begins. Upon further reduction to another threshold, the effects of freeze-thaw cycles propagate from the
upper to the lower soil layers.

3. Through SEM testing, the microstructural changes under freeze-thaw cycles for both confinement
methods were analysed. At the Smm depth, the internal structure of the soil samples predominantly featured
large particles and large voids, with a significant amount of cemented structure. At the 40mm depth, soil
particle size decreased compared to the 75mm depth, while the number of voids increased relative to the
75mm depth, and cemented structure diminished. The 5Smm section of the soil sample experienced the most

pronounced freeze-thaw effects. Under the action of frost heave forces, the large particles within the soil



fractured into smaller particles, resulting in the formation of numerous small pores. With increasing freeze-
thaw cycles, particle size within the soil gradually diminishes, cemented structures decrease, pore count
increases, and pore size expands. Under freeze-thaw cycles, fully confined soil contains larger internal
particles than unconstrained soil, smaller pore sizes, and relatively fewer pores. The degree of internal
damage caused by freeze-thaw cycles is less than in unconstrained soil, which exhibits stronger structural
integrity.

Key words: Loess; mechanical properties; structural parameters; microstructure; constitutive model



B 1 B 2B oottt 1
11 BRIET S G TTIE S oo 1

1.2 38 0 S7 2R BATEFEIIIR oo 3

1.3 B HBIGERITESETFTEIIIR oo, 4
1.4 38 AR FEIAR oo 8
1.5 EBAFTTRLEE TN PIZR oo 9
552 B GRIRABE ARG TTI2 e 12
2L ARIEAAE oot 12
21T EUBEREIIL <o 12

212 EREWIFENE SR oo 13

22 BB I B8 ettt 15
2.2.1 UU SR AE BB oo 15

2.2.2 CD AR B oo 16

2.3 AR T V2% ettt 17
2.3 L VREIIEIRTRIR, oo 17
2.3.2 UU BRI .o 17
2.3.3 CD TR oo 18

234 SEM ARIR ... 18

D4 TR EEIINGE oo 19
B3 E BRI T BT L IR 20
3.0 VBB — VR IR N E I LI ITZEEEE o, 20
311 WIS KR AT BE FEIIREI ..o 20

3.1.2 M55 R R RIAE F T AR BIEEM oo 24

3.1.3 MB-2E 25 TSR AAE FH R AE B FE M oo 25

3.2 VR RAE AR A4S 5 BE RS20 B2 R T 5 BT o 29
321 VRALIEIA ST B IE L IR FE R oo 29

322 RAIEIR FEIB LRI oo 30

B3 TR/ oo 31
545 AL A E RO e 32

Vi



TN s i £ (1 % V3 L OO SE USROS 32

411 JERBEFNFZARE JTZERFVE oo 32

4.1.2 JFR AN E IR N ) B AR AR e 32

4.1.3 JFUR AN IR - AR AR B AR AR AR AR . 37

4.2 SEPE BB GERIBEUTIZEA oo 40
2.1 FARIIBRIE BB oo 40

422 FRRMEIR N EARBIGEFITE S EL oo, 41

4.2.3 YRAEA TAFLIHRE N LARRIT B oo, 44

424 SEM BB IIHT oo 46

B3 ARBEIINGE oo 49
55 B BT ASFIRETIIIETT oo 50
5.1 AKIAET )N GBI TE oo, 50
S22 BT PRI VT, oo 50
5.3 B IIGAIE <.ttt 56
5.4 ANEEIINGE oo 63
FOF R BTG e 64
0.1 TRIEAETE oottt 64
0.2 BT I oottt 65

0.3 FEEE oo 66
BEFE MR oottt 67
BB oottt en e 76
VB R TRTAT oot 78

VII



B1E #ip AAFARFREFMIEL

F1E %L

L1 iEEERSMHREX

AR R ACGEH BRI LR, TR T AR T RS T REHIX,
B T4 93% KM, SAoMEALN 1300 /5 km? 131, 332 8045 [H AL HE
H. P KE. mE EE. EmE. 2R, Dearl, g, BhSE bRt
TELFEMT BJm TRk L, BARILM. 35/R4s . MEH K § B MaESREY. &
E Lo 2. EETEE. IR LR, T ES T ER. ik, FEAERE
Z b, EE—BN5~200m, AL 63.5 Ji km?, 25K EE I 6.3%.

B 1-1 hERL S HE
Figure 1-1 Distribution Map of Loess in China

Hor, prsEssbe T AR NS L, REMARIL. Bel. B/RFRILEE L
RGBT 1L ] DL AR B B e b ARSI AT b, BraE e AR B
I B ERT, 2 BANESRA IR o TR 1000 2K 2 3000 KPR ILX, Bk Tt

1



B1E #ip ANTFAREHEZMILT

e SR B RGE  RLEAR A  JE T T AR, — A LR E LK 6], =& LA
R B AT nl I K BLE, H PO T s R s LA R R T VKOK SR
Z bo WPDFORVRFE Wil g & 3 2R B B e b 35 T AN IR U v R A S L A
B, RT3 or e HERR T, ALK B RBUS B D & By s 0 e VEAR X B 2 Ry
sl FEGERPREE L, B sRE  m i R I A A HEAR, A Mghe . RALBRAH
R 59 2 P AR TE, (ERRRE RBOEF AT 3 s R R s 08 e, T
FAM L ZkomR, Wb s S A TE L, IR ER AR, X ER AR T RIR
SNEREER, Ak RA g, (HEKEEH VMR, mERE T, ZAi
IRAIE B S5 TR 0. RN L E WHBOVRE, WIEBGERM BT,
(B RAERE g, Wk B, BARGMEBoR bR s 2, bRtz
ThEE 77055 -

BEAt, S UTARIABE AT B B REM , B 58 BF AL AT 4 1 X 3 [ P B E TR X
A M B AR BA S, 0 TR B IR BRI 7 BARURRERE I R, G
FOR IR S HIRRIAEIR, 514 7 522000 TAEH BN > Ble FE RS, IR BERS BE UK
KPR FERR R SR P AR R, BN TR AR L IR R T B N,
RV, — TR S AE VA RO 2, 5 5 B I R Ak 25 AU K 2 Bl IE Uk R 2,
R L R E IR, SR UM BRI o 2 3 I DL B R IR L i
TFRE AU, BIRMERRESERER. B, AR X T TRER, TS
LR BRESI AL | ISR AR PR, DA e AR MR R B P X M A PR R
X st 1,

G

1-2 FHEFEREMXE L S HEEE
Figure 1-2 Schematic Map of Loess Distribution in the Ili Region of Xinjiang

AR SRR RS AL S 2 S EAT POE PEAE o DRSS TR s T L A X AR

2



B1E #ip BAFARFMEFMIR

BT R KCH DS R SERR TR, MR FE ARG B AR RS AL 7T . S LR SE
A AR, SRR AR 2 LA JR A R &R, IR AR BT BB K
B ARBEAEIERT, RLREZHIE R TEEREE 0, R S5 RS AE S W st 44
SCFEIE 7 R AT Y AR THRIRGET, HEHE 2B B, HAER
IKGFAT T SR E R ARSI R ARG, BET U5 AT K L AN STUTRE S 3555
S TR T BT S RO, R M TR SRR S, 3 M X — R TR i )
ARA TR R, AR AT I = AR SRR e DL, IR AR 3 - E5 R PR R AL
i, HAEEHERE S TEKHNME.

TR — i ORISR TRl s AR BAE R 70 T
FOAE, LIERIVERBUNESN J1Push T i R A R I R 71, A DA LER A TR
[IERAE B DR, IS EEE AR B HES, IRV ALRIES . RE. o &)
ARSAE AR AR 2421, SR S AR B ) 22 T AR R b A B LA R ), LRSS LR
i AR (R AR RS, T TS MR — PR R A SR E PERFIE . R G T o 1A
N RE R A PR, A B TR A Ve S W 1 AT N I N AERE &
B, 9 X TR e 22 4 J R T B i R S B IR SCH, X e BEiZ X 4 TR 3 5 ]
FREER ) Rl BT 2R

1.2 BRERDFHE R IR

AT R AR T B IR A, YY), [ A SRR T, 2R T
WEFCE AR . T IRt DA SOR EE R BC S I 2, T8 1 2% DR & AR AR LR AT
IS {1 L ]I AR R 2R o

AR 25 538 SR P O PR s 24 ot B ot 3 R I 4 s P e LS R R 3T 8 1 R Ge e /e -
PR AEROE R0 L JFOR B 5 N T8 3 R 4a 47 8, R 1 AR AR R 4 il R
SRIE NS Y AL EV ke S SN b Nl = T P | R SR A g B 2
8 K ZE T G R, B3 KT/ . Guo ST — 2D I, SV 4 R e 2
IKEETF TG R BT LG R el )s 0 45 460 Je RS 7 B AR A AR AT e o 2152 SE 55
COT3 0t AN [R5 5 7K A JEUIR B T B I 4 ik, 0L T AR & /KR 5 25 e RN, /) 22
[F1) P 7 R B 2R o 7 T A A DO I o M 3 0 I 4 o 2 ) 20 g stk AR TR 5 s BRI AR T Y
MBS NP RO LT AR R SR BRI, HLAS A R R B S K R R M T . RN A%
PN 3 P A AR AR D5 T S O Ak S B AN 5K A8 A5 270 73 SR FH 232 5 XU IR i
T ARG KN PR s ek g, 8 SRR R R HI LR 5 KR AT 8UK
IR F, PRV T IR AR T R R A T A . R SRR A AN RIS £

3



B1E #ip BAFARFMEFMIR

FEMIR IR N M4 SR B AR TR R o RAFALSEDYERTT T 38 MR AR 5 i 30 B /K&
ZIH I NAERCR, R TR R B E R T 5k

BEAN, B 2B SO T A S RN 2 B SR . AR REPIZEE IR N
WEHRAAT TOIEM RN, SIABISEE N 1 s B TR SRR . IR
FCMANIR] i1 BEVRAL 1 o0 8 b R AR L PR B I A FL A A A R A AR, DB AR Sk
St T HERARYE . FESEEEAS b, S AT 48 AN PR R I ARSI, XA RG]
RO LRI REAT M. IHESEDO RFED AR UL, T AR
Ik, TR, T8 R 0 AR 2 FEA, RIS AS [R5 ) ke A o s
AR EIEH . (B2 KRG G, RN TEE BT EH, JFHXIEE
REEARRFRA . TR H R MEOER ORI, SR I RREIA 5, KAt o)
M RAESA . LARBRA R /NES, BERE W ST ERBIET S LAY S50
WHIE, R EAHAL; (EAE LAAPUBT SR B AW o rh, 20 2 Rh45iE. — 2 H 0N,
VRGP 5 A UBT o e RGN, 5 — e WA s N1, A LA AN AR, g AT
TR EFEAR, S AEME. BEFRH FFEMST | Yang S0, BE
VRELRERISG N, AR R P th 2 R R A A . IR o W PHSERBE TR L, R
JIFA PN BE P A AR VRS T AR AN R AR A 3. B0, Chu SOV 50 R I A B ) -
AR 2 SR 52 B KRB K T URRAE AT FL 5o, AEASRIRRIYT T, 2 7K SRMS A 5 B
FACTREAR . TR AR, 7RO, #ER kPRI, RREERR 10 UG 14k
SR MR E S HOBIIAGE, M EFDIAIL, HARZLP 7 IR BAEH etk 2Fa e . %
TURBMEI N LR BT Iy, FAEPR A ARTE R R E A R o 7 2 PRI L Rl
[ 45 = AN Bro IXEERTBOZIR L . YRR B R Rl R RO . Wang S8R I
YA AR oA KB P 2R 40 T AR B 0 T AR R R B L i sh AR R, FLAE ) AR E BUE
Liu 5RO H R g A 3 B AR oK 7> BB A, S /K ERRAR X IR R I, &K &
BEIN DS BE VRS o 1 ST UL B A P E ORI AE A R RO HPIRA I, 2R AR,
RIUREAS A, 111y R RORE U X100 R 2 RN T - P12 o SRR, R R FX 0 22 PR RE (A5 i
AT L A A P AR K R SRR 5 B A RS RO, e 3 S O B AR T A, A
I T A RE AR UL 45 SR T Rl s g 4 SR,

1.3 ARSI S BRI

RBUE GE SONFUIR T PR 70 55 5 AH B 2 g 2 b o2 ARG R PRI 7T
iR MR Z A EERNR, HATC#8 2 RPVIE L LA R S
B2, YRR RSV E R R AR, e OO T IR SIS, K

4



B1E #ip BAFARFMEFMIR

ARG IR A R AR SR AL 7 A VA ZN 9 Sl A ) Rk 5 S Hy m] Ak . R ARSE R TE R A
AR R PR AL £ E A G R =Fhigas, BIHah. it S5iRK: R3] HIg5 Lk
PRRIBRAS , FRAIRL B IBR A S 5 s iy w] S A UKL (RIS U7 3R L IREE R AIE s R IK I FE 55
B LAY, BN TIREE R, [RIN AKR AR FREIC T AR A PR A
AidARE . AR TTAGNE 5 G AL T ARk T S Ao 0 RE A 5 R BB PO e 2 R e LR i R A2
AR INAE BARAE, IR S PR U . 2T ERFIRHESE, 2 AH it —
DIFIE T BN PIRAE EAREHRIPERIRT T, - 1 2 R A 24 R R AL T 5,
FHAN A N AR GER ISR N B GRS W6 R S Ve S5 HAd 2R 254 1t

1. BiAS R I 2

PART GRS RO RE T AL KA B, € SO7 AT BRI FRE 4 i+
PRNIAR (R 22 S 1 o i E A N IOOTH e oo b JRCIR =, B 28 A = 00 R s 4 K,
T GREER Sy (BRRNAREMIVESHD Dyt — I 7 T VAT A AT B 28 o T 4 N A2 1Y)
Fe 5 SR = e 4 A2 P17 (14 EE AL

RAFALAEDS T S et 25 S K B B S 0 A4 3 e 0 R 4 iR o 5 R 2 )
SE SOTEIEAT T kit . R T LB LS TE SR, e SO 77 R JEUIRFEFL I L i)
7 SRR I R AR EUAE o FEBCEERE A0 52 SIS A4 1k () A R BB
F, PRl VRIS R, HE SO IS 7R EARAE SRR LS5 v AT EE A FLRSE EL Y
B

S/ VAR NIOSVEAT A8 17 [ 45 X 96 B2 4 55 17 [ 45 25 R VE S K, I AR g Xz 7
RSN RO R o FE 5 SONZRE 45 ) s g PRI R B S8 AR A4 RR I AR B F) 3 AR 5 TR
FERAR N AR R PR LU AR -

e Fik BIE
s Sr— Ik 71N HIEEFE 1) R 4 AR
b2 A b A m, = ;gs St I /7 T UHRIRE [ T 45 i 25

So— 28— I AT JEUIRAE (1 I 4 B A%
ey — AR ERFESLER L

2
LB S m, = ey — AT T A BETLIR L
e — KT F ML
ey ey—H—IE 1 F SURFETLBR L

W R B mp = —-
. Pl er—HE I 9 F AU B SRR TL I L




B1E #ip BAFARFMEFMIR

e e ) R EAE - PR A
£ ps— 1 S FHUR 1 R
e, 1 /) FHUR -+ [ AR AE

s A A TS my ==

2.8 SRR I S5

N2y B GE R P S BN IR B At g Y T SR VE S B 58 U5V » R 7O i
LR TER R =BT DI AR T NI EEITE SR, HERE SR LRI 1 BTN 7
XF HARM PR R A FEN o Forg ST =M B SRS 4. XSRS AR R Sk 2
BN S5 VS HO R, 4R T R EIE SR, SR8 I BER N ) I B
L AR R T JAE IR AR ZE A 1 R 52

MU ST SR S ME S AL, 2SR AR BT U R P JFUIR 3 A A R R L
F KA o B AL PN R ) = Bhite , 76 J5A I FLRR L85 M 1 S 80 Bkt |,
AR JEUIR B Bl A DU A 3 sl RE i 3h =Rl 2 2R, g ST REWS S sl iy 4804
AN L ARAE A [ AN 25 5 PRS2 AR (Bl s L5 T S 8. 25
U1 T P I A 58 3 78 SR G5 R 2 H80R 2 B BRI i 2 70 1 R A 5 1k 32
WAL, Toik At S R - ARFE SEPRAN B B P P 4V AL, BT — e i i
Vo DRI ER N A7 L RBUE, YA 28/ E R JEUIR - 5 288 A N 7y B AR 22 5 PR B
PREEHIPE IR 9255 o

S Hik &Ik
i Qo— SR LR L BT b3
Ri IS B n%=£i Qe — A5 I T U
QoS -1 {0 T
2 Gao—Ho— BT FUR L HIF R
MEAGHESE mag = - s U ETP
Gas— o — A FHFI-L )
; Gao— 4RI R JEUR L 2 8 i 77
do

B AT B4 myq = —2 Oar— 3B T B U E B )

s — B F UL FU B8 2 )
ni—JEAR A B AR R A

e T3 72 B D3 o 8% 7
MR LA B AR 7

_ (01— a3)y (01 — 05)y— il REA5 F J5ARBE I 1 2
@1 = 0rs (g, — 0)— [ — B F AN HARE i 1 /9 2

IS F7 LS H S H my

9 AR S H m

6



F 15 %ip BAFREMTFMILT
ST L my = Ody gy [Fl—NiAE N FARFER B R )
z) 5 25 ha) T+ 2= ed —
Odrs Oars— A — NS N PRI B B 7
_ T nl_&%iﬁg@ﬁ ke
B R Sy =1

n,—E LN

3AURRL SIS B

VISR LA IS B T EARYIIR 45 MRS, HOR BRIV AR S5/ 1 (1 58 55,
ABEFI SRR 32 S 25 T BARGERPE R AR A R o AR 7718 Nt T 0 PR 470 s i
IR A AE ST ISR bR S Bk L AR Z5 A 1, %2 H0nT LU EAR BT da a5 H IR

(LSRRG AINEARLRTIES A

15 35 R USRI A IS A R ACAE A b ) TR IR P S T I P UT R SIS 4, 1%
SRS S ARG FIVE (R SO BTV E IR . HER RS, (BRI K i e

AT AL, IF HAZ B kR EOK .

Ze S B AEOE R T M PR R o B ke, b 1P BOKE . TR IRAE Y AR bR
XS EAMIREEHIVERIREN, SEH T R ARG SRRy s IR AR S TE S HL

SRR Fikat %E
e Q) o—ELHRRE ) T 0 R 2
TSR 1 Qo) e— T S ) T 0 47 21

T q0)r (@0)s

5.8

B RO I B m; =57
‘ €y
VRS H mp = -

(Qu)s—VERITRE A JC M BR 70 558 FE A
8o — JUARFE A HE N UTE
8, —E I RIAHE TR
8s—MUAMAE I HE T VTR
(Pu)y— FARFE R TE O PR 7T 1 552 P
(pu)rs— VM E L () JE M BR 0 5 2

4. He SRR IS H

AR 1 . AR S

et Ve R SIS H. FIERMY

WA =BG AR, BRI BEA S, R TR ESES R R 7 4k

HIAS AR L A

Feng!®! SIS @ Y SN TE 1 G5 g PR O S5 K 5 2 R, BRI 1 i

B, (HNMHEZR (EEEH T,

DU AENE N BB, W T R RAERT T R R AR, SR IR S
e, HARAL 7 RARE R R NPT RE T .



B1E #ip BAFARFMEFMIR

FLAE A i PR ARG, E T AR BREE, IR AR E T R R4
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W CHH T e BEVE AR R 7 180D JEIRGRAE CH TR 75 7 A IR R AR ) DL R AEAL
T T B R AR KN o £ A AR I8 51N GREEAEN CIRFRBERAERD
FH BAS 8 MPRL I RIS B R R BRRAS s BRI R 5 R AR MR & I S S B TR A
Mohr-Coulomb ¥ A8 5B AR YO 531, Drucker-Prager AP, EIESIH AP, Lade-
Duncan BEBIOSL PR BRVT XU AR BT, o ST A A A0 22 5 e AR i % 2%

FEW TS5 R 1t L A AT I, 450 BB A IE B e A 5 I L AE I B0 A 4
FBEEIN . IV BUZ D B RR M . IX AR G e TS5 AR AR s, BRI 4%
Pl 3 5 ARG AE B N AR A SR A, F BN OR R — B FIR, 8
TR DX AT XA [R] RS R 20 1 35 A8 ) 4048 B 22 S PR BRI AFUO0-1081 L T
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PR ZAR RS T E RS HAN S HOY A B R — RS )-RAE R R, BN T
R ] 25 3 1 7 2R e A . X R U0 A R ) S BB AE L Y, X T
A FRAKIRERLTF J& 73— 70, MRS BRS AT FAUE AL & TN T, Ky iz A
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Figure 1-3 Technical Approach

WX R BTN EU T

1 B—%—VRA AT E L 2R . O Z5 A HZK UU 5D

(1) B AREWIIA S KER (5.25%-. 10.25%-. 15.25%- 20.25%). T3 & (1.38. 1.43.
1.48 g/em?® ) RAGREMEIREL (04 1. 3. 7. 11D HRIE T %

(2) KRG EEBAR B ITEAINIRE AR H AT, TR AN B 45 A K =k .

(3) ML T-PAR AR R AL CRRA/AEALD . WA R BE BRI . Ak B AR AL
PEITEA &SR

(4) BLHALIRETRARK, FE AR BIE (K= 0.5,

2. URBMEPE N3 LA VAR 5T (B S5 HE/K CD )

(1) XA EIR L SEB L. B4R 5 TE EEARPMIRES TR 14T 4.

10



B1E #ip BAFARFMEFMIR

(2) JT AR B S5 HE K =Rk, FREUN /- NAR 248 AR AR i 4 s B2 (C
@) KA ZEm .

(3) fars RGN AR BT AR AN BT A5 4T N BIFE I ,  5E B IR 29 RSk A 0 S kA e e
EEHIE .

3. FOM AR 7T (FaBE SEM 5D

(1) A& A FEGRERE . AR FCRAS B AR 3EAT 4 r B il .

Q) W EFEAFEEEAE (Smm. 40mm. 75mm) BE4T X EE AT

(3) TR /RREIEI O, BRI . RGN . FLER K B B RNAE,  SE 20 14T
I OATL ] o

4. VR AR R Y ) 1 5 BRAIE

(1) T e M 5350 /178 e, WEFEGMIEH . KR, THE=H
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(2) WG AR . SIS T Do 5 far B K 7Dy, K & & R
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(3) RIS R B AR Y (R A, IR ZEEHIAE 20% AN, SEEN AL R LN
- %A {2 1) E FE A
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2 F PR R

HERRSRIBGA I AR BEA N BEAE 5 5 ) s B S BRI e 5 6, RT3 122y
PERTTU AL . AT B AR RGN A SCHIR A I O Gy Bl il 46 5 92 il 5 6 i
ke BSE, MAPENT G X S LR BEALE . M5 SRR B, R ARk
Hlc. WEEIR. T LR LIEEETabs, DLBs G R TR E . HRk, TR id
SRR D57, R U AR SCRE B2 AT AR AR SR S R AR, IR 5%
GUIRE AT fJE, RS AVREMEA AR =HBT Y% (UU M CD) R
MBI R S . SUORE SRIFP IR, BEAENE, NIRRT, 45t
VA S AR AR BRI 0 B Al 5 AR B At

2.1 KB AL

2.1.1 BURRAEL

AT 3 R 3 sE ARG B oe FVE N T 5, BURE s AR AR 83.21474° (N),
4554 43.59332 (E), BN TFE 2-1. Mbe S8R E T HEgEE /R B XA H
BHER S, REEMICENEEER (EE 218 ZAEIE 217 Z&35iCab). %
AT B R — AL R, LM AR R L Ab S Wy o 1% X IH M G 8 BRI R,
BRI XA A TR, Py st B e i FE s v s U 2 e & B8 T KRl itk
AT 220, (HETHRARS I DR, AR TR E v XRIRN, B T8
B AL X, S AR B IR AR X AP 3 SRE 7.8°C—9.2°C o il i ey il 1 ik 39°C
s AR I AR P AK-30°C o AF-T- IR TN B 2000 350 Z2K—480 2K 2 [H] . 1M [E K25
SSECAY, FEEPER. HEF 4 A-8 ), ALEFERKER 60%-70%. %ZHFEEH
BEK, MERE. £ FYEREEL 1300 2K—1600 =K, 2K ERKTHFKEI,
PER R HIZMX 2 1-4m 1, #2008 Q4l4,
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& 2-1 BUtEith &5

Figure 2-1 Sampling Locations

ASSCR TR E N N TR IR, BUOREIREEON 2-3m, $23R BITBLARIL Ja, 1£
MEEFEATHURE, LKA 15em X 15em X 15em. SRAE 5 3 B SR G, 25 0FE, Bl
Ja RGBT R, LBk 28 . O 1 is/INs Rl b UK sz Peash sz, 50K
TRNEA T RIRAE R A, I EAEEATAR 5o T 2-2.

< A B

& 2-2 BiAEAE

Figure 2-2 On-site sampling

2.1.2 THEHIFB MR

JEIREE AR GB/T50123—2019 & TAik56 A vkbre) DS & ki g ie (% 2-
1, B 2-3) RAWNEATTR 25, /DT 0.75mm #4500 A % B Tk db 47l & .
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H 7 70 A6 HE vT LU M, A S F i AR 2 2ROy R 32
*®2-1 THRRES T
Table 2-1 Soil Particle Size Distribution

Fifd/mm >2mm >1mm >05mm > 0.25mm > 0.1mm > 0.075mm < 0.75mm

i /% 0.05% 0.32% 3.79% 4.05% 8.59% 8.34% 74.87%

100 B el v SRR VT
90 +
80 F
700
60
50 b
401
30t
20 b
10+

ANTFERLAR I R E R/ %

10 | 0. 0.61 1E-3
Fi4%/mm
2-3 BURIRECHIZL
Figure 2-3 Particle size distribution curve
2 FAF BN A S RO R R4, %t C = 032, €, = 6. 90N KA R L

O3 T B BRI T ASOR AR VR R B K R AT I E T AT B R SO 2
PEFREL TR HZ0 X3 R MM ORI IR & 7 A BRI R (R 2-2) B
AR LB ELBOR, T BN, RN ILRR AR E, wFEai i BRAL . X AT
SRR I, AR RRE LR TR & B4R WK 2-4 Fr.
B soecirum 1

K 2.7 01
Fe 2.6 01

Mg 17 01
Na 09 0.1

Powered by Tru-Q&

[ 2-4 L HIHI BB
Figure 2-4 Material Composition of Soil
® 22 THEFMIESH
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Table 2-2 Basic Physical Parameters of Soil

S 1E
RIRE IKZ (w0 /%) 3-6
+ki L E (Gs) 2.70
FAIREE (po/g - cm™3) 1.43-1.48
T (pg/g - cm™3) 1.28-1.35
WILRFLBR L (eg) 0.96-1.02
A K2 (w, /%) 35.5
IR (w, /%) 19.16
R (w, /%) 28.54
IEFRE(1p) 9.38
KT L (Pgmax/8 - cm ™) 1.79
BRI (wop /%) 17.3
g 2% CL
2.2 iNEEHIF
2.2.1 UU iR BE#E Sl &

RISAKHE GB/T50123—2019 € = T30 A7 vk pr e ) UV B e B 21 98 4 — iR
¥ B ARRT 1 LA AR TR RS S5 1T 2 mm 0 I AN BB SRS, ERENHEA
RS KRN 2 P ) A o AR I S e 1) g s R B B AR S KR, Bl RN TR
PAERIRL 24h, RIEKDMIREYE] . WE 4 NEKREEE: 5.25%, 10.25%, 15.25%,
20.25%, 3 NTHEERE: 1.38g/cm®. 1.43g/em®. 1.48g/cm’. HHHEHAFEGKET, 7
BB BN T HER RN E. BREEREERN, BERBMERETE, 55 BERAR
£ 39.1mm, = 100mm L JpE R i, &FZERSE, RIHE] B2 2mm F &
T2, BB 80mm. HIFETERNSE, FEERAMIE —ZARMEE, IR
PR E, Ba FSEESE 5", DU ERE R K. i E, 5P
HANFZ AT IR R, kbR Sz GR B IE F I 4Rk 8 (my AR T = ], fifi
R LETELRAER, BRA TARN IR (B 2-5 2598 2). BLE P14
B, FEEN 80mm &, WAEN 39.01mm, EESMEINEEA 20mm, PHAEHN 39.1mm KI5
B, RO AR RN, SRR B R R, B TR A, Bk
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2% SRR BT RFIRE P

AR IRE_EAANE 11, SE 20 AR AR A /K B TS P LR 0 2 2 B At
Ho, /s BRI, YRR TR Ske BRUFER E . WIS iRE AR 2-5.

C

Sl |
>4 Be |
___________________________ BEHARP
------------_-;,;_--------I ------------------
L2 O B2 EX  aem
252 —— ”—
— a pN-rs

FLERBE ARG e

HREH _E® ___ ___ __ ARG _ _ _ _

& 2-5 SLEREE

Figure 2-5 Experimental procedure

2.2.2 CD iR+ mFl &

%—:
54
17
in]
rh

JEOIR A I -2 AT E ), AR AR 39.1mm, = 80mm . TR AR JFUIRFE M T
JERE K BATHIRE, TR EREEH 2%, SKEES+1%, RHAGRES TLES
o JECPRAE it R 2R A o ) 2% 76 BR ol R RE AR, (B 244, DIR=) RN FRA AR It
TR FRP A AR TN S WA E, U R 22 1/, i E KA 10 /)
o WAE SR L AU 2, PO ROREERE, Ha NEER, DU R iid 2
KT IR o
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2.3 M AE

2.3.1 FER B RS

PR 2% 58 U SR TN TDS-300 AR F IR AL AT R il ik (&l 2-6) . RAEHT A
WA, SARFEGRRREC 6-7 I BEE A BIFEE , Ik UU 56 B & AR AR B0 0,
3, 7, 1. VREMEIS 7 U5, LARREREETRRE, 58 CD XA B 1
VA (RBEPM A SO 0, 3, 7, ARAEHALIN 5 & Y <R W B R E N R FE, ¥
URIREN-20°C, fEGRILEE N 20°C. RERIN A& B A 12h, R 12h (B 2-7). i
FEN R RO AT IR, AN el K, BRI E R s IR, g
IKERTBOK,  F8 IR IS B — 7 i B, 38 42 ) VB Al P T 4 | AN AR AR IR BE s 1R
REFETCIR SERE I, TOANK KA. SERRRMERN G, AT IR E, S5SRERHRES
TR RTEEA T 7, IRl EARR OGO, & 3R IERE B AR AR . B J 2 R
A7 =ik, DL G F A R 2 T

R EFAR R EFRATE

2-7 FRh B RE L E

2-7 Temperature Variation During Freeze-Thaw

2-6 FREIMR IR AN

Figure 2-6 Freeze-Thaw Cycling Tester Figure
Cycles

2.3.2 UU =ik e

RAE RIS NS, 7E 100kPa [l T~ TFB-1 ZYEEAN 4 5 77 RAE ) 50 =
BT YNS & CGEAT A W S A HEK =585 URRES, B TR AIa PR 25 01 fa o B 7 A — e 2k
UG S26 I 75 0 3 R S IR S TS 7 i hn e (GB/T 50123—2019) 1151,
BUY)HR T BN 0.8 mm/min, 4% R NARIA ] 20%0 26 1150 . SRS ARIEAER T4
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()8 AN S AR BN A AR 2R, BARARAE BRI 2 o k85 SRk 2-3. UU ks
B LSRRI VAN S B, N JE SO AR SRR TS AR o
F23UUREAER
Table 2-3 UU Test Protocol

IR RIEHS OKE %) THEEpagem’)  HETENGO  HE oi(kPa)

uu 1 5.25 1.38, 1.43. 1.48 0. 1. 3. 7. 11 100
uu 2 10.25 1.38. 1.43. 1.48 0. 1. 3. 7. 11 100
uu 3 15.25 1.38. 1.43. 1.48 0. 1. 3. 7. 11 100
Uu 4 20.25 1.38, 1.43. 1.48 0. 1. 3. 7. 11 100

2.3.3 CD &

TR AR B A E B AR VRBE A S5, SLEPEAT CD ks, R E Y 50kpa.
100kap. 200kpa. 40 A [FFE 75 A S w24, R8T Rank 2-4. Wias £ TR
5877 1EARE (GB/T 50123-2019) U101, BIYH 2% B 4 0.01mm/min, 45 [A] AR A F] 20%
I 26 1S . BEINAS 2 R LA E B S AR 2R, DA SR AR AR 2R, 2R 23 A
T Ak B R S DL S G E S AR S DL

*2-4 ODIRW/HE
Table 2-4 CD Trial Protocol

RIGFH RS LHERE REMES A REEIRR U NO IR o3(kPa)
CD 1 TR SRS EERAR 0. 3.7 50, 100. 200
CD 2 WAIREE B EEAR 0. 3.7 50, 100. 200
CD 3 RN EE SR ERAR 0. 3.7 50. 100. 200
CD 4 MIRIEEEERE o REAR 0. 3.7 50. 100. 200
CD 5 RN SRS / 0 50, 100. 200
CD 6 AR SR / 0 50, 100. 200

2.3.4 SEM it 1&

fif Ff JSM-7610FPlus 7 H1%5% % 2% 4 2-8 il zn k4T SEM 36, BUBCKAZECN 5000
B, DMEBHATXT L EE . RORIERE T2 — 3, FrfBee i A = Ha R R, BT %
NGBS R BRI I 2 AN [E], DR S EORE & B 9 AN S A B E 75mm, 40mm, Smm 4
fEsk, SREEXTEI TR A S, H 2 RUERE RO g se B . a5
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25 R Jr R AR AR 25 73 A AU AL B R R S5 BEAT 70 T
"

2-8 SEM & &

Figure 2-8 SEM equipment

2.4 IREIN

RETVEGINZE 7 REIN 50 G X B A EUREA B 0T T S SR AR IR . 1S
BT U RCA F, JEARERE 1, B MBS M MEREE, LB E . T5
BN AERIR VAT, B TR T ARSCAIHE R T EERA R GIRE R, iR
FERLE BT AR 2 ), A T ARTE R Bl AR HR R B AR R K A, SR TRE Ak
fISEbrz IR . R T B IEAFYIES KZE (5.25%. 10.25%- 15.25%- 20.25%)+
T2 (1384 143, 1.48 g/em®) REIEIREL (0. 1. 3. 7. 11D RLAEFKMF (584
AR ETE EEZAHO 1 UU 5 CD =Hhilie 7 %, H 1 IRBIE MR S5 (220°CHA TR
12h. 20°CHRMF 12h) S8TYIRRHERIERFE. R4 T SEM 56 1 BURE A B -5 00 7
%o REMENZHEME R RTTER Y, BHEREGHE, ARSI S
PEAHTEEAE T ] S B HARE S
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3T IBEFRER MRREELINAFRE

HRJE T A H RIS rh RN 52 BIWTAR S K T8 T SR R RGP ) L R 520
=ZHEMAAER TR0 BRI S A AU A A B AR MR AR OCHE . SR, B
AR L ER TR RSN R 0T, R 2. A= R RS RN ) R G 5T
MARTE Sy BEAN, A G0 Rl I6 HIBE 5 00t AR N 78 200, s DL S e ik 2 A
FEHRF T EARRES T E HRTAT N BT, AT 2 EREMHETT
AR EIRE TS, TFRAEYIIAE S KE (525%. 10.25%. 15.25%. 20.25%). T3
(1.38+ 143, 1.48 g/em® ) KURRMEIAIXEL (0. 1. 3. 7. 11D AT IR 4 AHK
NS E s VTR P b0 i w N B VA 1 2 2 |- 4 R R W& 187 N S AL
WA, ERGRRRE T “URIKBER " 5 “[E S5 G5R 7 XELERNLE], IR SRS
A S RMAWFE, DUHIRZRGR X i+ TR % ER R IR R .

3.1 B—F—FAMEFR TERLNHFERE

3.1.1 IR &SR EFEMTZERE N

I GE LARHIIAG B 7K 2R UG T3 BE T H 7 2R 2, 434 7 100kPa Bl & T
ANTR) B 7K N2 B AR N ) — PN AR - MR TR RS, 35 B AL S /K E T3
(A S SCHRES S0 USIEAT F bE, 75 ML 4516 . TR T3 ok, HanmEe, ke, &
IR, SRR . B0 il 2 (W AR Ul tH ILAE 3-6% M AR Ul N o i R
PR E BT B AR, LIRAR )-SR e R A A . 22 e AE T i R T i
AF CNSLARFRAL B RARREAL ) SRR AT O BT DI IR B RZ K AR (1)l FHE A,
AHFFEHEE 15.25% NiZBME. W 3-1. 32 FiR, o NEKE, pg N THE, N ONEHR
KH, o3 NE R . HIE 3-1(a). (b)RATEN, E KN 100kPa, &7KREK (5.25%. 10.25%)
I, AR R AR 1) — AR R ALY, Ve i 5 B T I o, 0
(B R )7 B T A % P A B v 1 35 AR/ T R #8 8) AAak B WA 98 B s | T B 1)
M 3N B, SRR R R, Mfa@aTHRE: LRRIR AR R T2 B
I3 iR T 4 s AR RIBIR T S B YIRER . I 3-1(c)~ (d) AT 40, i & 7K R (15.25%-
20.25%), R J]—RAR I Ze A A o A R DA i R DA R e M A B T % Y 3 i
Shn, st BONB MBI 3 B R Im) 3 SRS T 1R R Bl s LARAEST B TR IR
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TARTR LR AR R GRS, SRR TS N E KR . I 3-2(a)s (b)+ (o)RT A1, ARk
RIS R 18] I g — 7 7% il 282 15 7K 2R P v I AR A 2 o) I AR g A 2R 2 A, U i
FNBPE A R BRI AR S /KR IFE T RN o ] — AR il 2 H AR o P2 2 AR AR AR B K
L B /K R R P B CEI 10.25%—15.25% 03 FE H, 5% 0PN 10%-18% ),
ZI B AR SR B K o 1t BH B AR BRA [ AL AR AP A — N FUE S KR (efh
B KRBT ), A8 7K 0T 58 5 (R M it o I AR o Sl s AT DA I 4B KR
I, KT B BRI S IR I S o ATE et & /K R B i A, ) B e K3
FEEROR, S5iRK0 % B ZIRROR. W HARBONAAEL, BT AR R %5 KR N5k S
BN . N ) —RIAR R AT, AR T 25 3 AN B L.

() PEPEAR T B e 120k R v i I 7 o 5 2l ) 2 A8 4D 386 M0 v 2 Pk 19 0, A 2B T IR A2 11
SAVEAS T, R A CE 3G N B T IR B A

Q)BT B 10 R v B ) 5 e R IR 00 RO AR 2, SRR URE R
AR, /NI FLIR AN LS 70 R N S0 R, H L URLE 4K SR AT LA 230 4
-

GIEME/AKERT, WEEN I RIFLE A SE 8 . A RRE K 2R ERAE /), SR RGE
BEAG, RABIVIBIR, AR BB VI . fEm & AKE T, RFEMBIR A Nk
IR, AHILETYIm .

700 - 600
600 500 -
500
- o 400
S a0t =
"b” Q 300
L300 —
o] L
200
2001 —h—p =1 48g/em’
100 ——p=l.43g/em’ 100
—&—p,~1.38g/em’
(] 1 1 1 1 0 1 1 I
0 5 10 15 20 0 5 10 15 20
ol A /% Hh e R A /%
(a)w = 5.25%,N = 0 (b)w = 10.25%,N = 0
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300 200
250
150
200
e [
=% =%
=4 =
f?"’ 150 t?f"’ 100
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Figure 3-1 Stress-strain curves for different dry densities under non-freeze-thaw conditions
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Figure 3-2 Stress—strain curves for different moisture contents under non-freeze-thaw conditions
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Figure 3-3 Failure patterns of soils with different dry densities and moisture contents under non-freezing

and thawing conditions
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Figure 3-4 Stress-strain curves and failure strengths for different dry densities and moisture contents under

freeze-thaw cycles
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Figure 3-5 Peak values for different dry densities and moisture contents under freeze-thaw conditions
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Table 3-1 Normalised peak intensity

N 0 1 3 5 7

Pa/w K
1.38/5.25 0.597 0.529 0.524 0.513 0.462
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Figure 3-6 Normalised peak intensity plot
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Figure 3-7 Changes in height under freeze-thaw conditions for different dry densities and moisture contents

322 AREAR TERLMRES K

AR S /KR TR A&, KA o A &K 2T 1 B Rk 951k,
ANJEC CD w3 it it ht . WAFEAS KRB oK, RS iE K i
MmN, HARE R R A . W& 3-8 Fras, FEANIE 1 IRAIEE 3 IRURRLE
Wa, =T8RSR e B AN S o 1R It B AR e S 5 ¢4
HEET =B, w5 5 REMEEHD . REMEAR L& R KT TR, H
It T PSR NG Y AR o SRR O BOR 2 7 RIS, =P [R5 ) 3
BIRARONG, AR &0 11 NMEREBE, T%EN 1.48 g/em® ()L
BRI, HARMAE N EIET. 200 7 k5 11 RIGREH S, LR m
IR SR BRI 22, IR BT N AR EAE, R 5 B AR

30



%3 ER-FAMELR TRERELHNFEHN ANTFAREHEZMILT

p,(g/cm®)<
N

1.43¢ 1.48<

FEE
N=1¢

N=3«

N=7¢

N=11¢

3-8 FRATEIART LARHORRIR

Figure 3-8 Damage to soil caused by freeze-thaw cycles
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Figure 4-1 Stress-strain curves and peak strengths of undisturbed soil under different confinement

conditions during freeze-thaw cycles
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Figure 4-2 Stress-strain curves and peak strengths of remoulded soil under different confinement conditions

during freeze-thaw cycles
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Figure 4-3 Stress-strain curves and peak strengths of remoulded soil and undisturbed soil under freeze-thaw

cycles
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Figure 4-4 Fitted curves of soil strength under different constraint conditions during freeze-thaw cycles
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Table 4-1 Empirical formulas for soil strength under different constraint conditions during freeze-thaw

cycles
tRFRY/C 4F 5 DD/WD [ E/kpa 2L /N FHR R R?
N
Y DD 50 0" = 154.60 + 63.69  exp (— T o= 0.99
N
Y DD 100 0" = 21586+ 168.33 x exp (———) 0.99

4.08
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N
Y DD 200 0" = 237.314466.06 * exp (— 1030 30) 0.99
N
Y WD 50 0" =128.38+489.90 * exp (— m) 0.99
N
Y WD 100 o* =178.64 4+ 205.55 x exp (— 998 98) 1.00
N
Y WD 200 0" =407.48 + 296.30 * exp (— m) 0.99
N
C DD 50 o =112.52 + 81.70 = exp (_ﬁ) 0.99
N
C DD 100 o* =223.16 + 138.01 * exp (—m) 0.99
N
C DD 200 0" =395.84 + 155.90 * exp (— m) 0.99
N
C WD 50 0" =99.83 +94.39 xexp (— m) 0.99
N
C WD 100 0" =198.26 + 162.91 x exp (— m) 0.99
N
C WD 200 o* =370.73 + 181.00 * exp (— 1_68) 0.99
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Figure 4-5 Strain-deformation curves of undisturbed soil under different constraint conditions during

freeze-thaw cycles
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Figure 4-6 Strain-deformation curves of undisturbed soil under different constraint conditions during

freeze-thaw cycles
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Figure 4-7 Variable strain curves for remoulded soil and undisturbed soil under freeze-thaw cycles
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Figure 4-8 Changes in soil cohesion and angle of internal friction under freeze-thaw cycles
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Figure 4-9 Variation of soil structural parameters with strain under different constraint conditions during

freeze-thaw cycles
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Figure 4-10 Effect of freeze-thaw cycles and confining pressure on structural parameters
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Figure 4-11 Fitted curves showing the variation of structural parameters with the number of freeze-thaw

cycles, and the variation of structural parameters with confining pressure
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Table 4-3 Values of structural parameters as a function of the number of freeze-thaw cycles

2197, DD/WD [l JE/kpa 2 /N R R R?

N

DD 50 myq = 4.97 — 2.17 x exp (— W) 0.99
N

DD 100 mg = 3.64 — 1.14 * exp () 0.99

DD 200 0.52 + 1.78 N 0.99

= * _— .
fa = B 78> exp (3357

N

WD 50 my = 8.64 — 5.84 * exp (— =) 0.99
N

WD 100 mg = 7.55 = 5.05 * exp (— 5= 0.99
N

WD 200 mq = 6.40 — 4.10 * exp (— 5= 0.99

® 4-4 RIS HBEE EE IS HEE

Table 4-4 Parameter values for structural parameters as a function of confining pressure

21977, DD/WD BB IEL N/AR 2SN R RE R

O-

DD/WD 0 mg = 2.24 + 1.17 % exp (— 68327) 0.99
O-

DD 3 my = 2.44 + 7.04 * exp (— 4711) 0.99
03

DD 3 Mg = 2.82+6.01 % exp (~ 7o) 0.99
O-

WD 7 mg = 5.19 4 5.47 * exp (— 6638) 0.99
O-

WD 7 mgy = 5.64 + 4.90 * exp (— 96313) 0.99
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Figure 4-12 Surface degradation of undisturbed and remoulded soils under different constraint conditions
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Figure 4-13 Microscopic images of undisturbed and remoulded soil under different constraint conditions
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during freeze-thaw cycles
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Figure 4-14 Variation in the height of saturated soil
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4 Fron. BIAHRZR IR 5-1. I 5-1 aI A1, o RIS AR T, AR AHEZK =4

B B 10 i 2k REAAGHS B e 8 A 1 S E VI
Fz5-1 w=5.25%,py = 1.43g/cm? (K>0. 5) Bf S #EVE
Table 5-1 Parameter values for w = 5.25%, p; = 1.43g/cm3(K>0.5)

HREBER R E,/kPa (0, — 03),/kPa a B Y m N
0 456.28 381.28 1.00 1.00 0.97 1.54 3.59
1 405.03 368.28 0.89 1.00 0.96 1.45 4.11
3 380.26 351.28 0.83 1.00 0.96 1.30 4.80
7 364.4 339.28 0.80 1.00 0.94 1.26 4.86
11 347.28 330.28 0.76 1.00 0.94 1.20 4.89

*5-2 w = 10.25%, pg = 1.48g/cm? (K>0. 5) B S HEUE
Table 5-2 Parameter values for w = 10.25%, pg = 1.48g/cm?3 (K>0. 5)

HREER R E,/kPa (0, — 03),/kPa a B Y m N
0 446.6 406.6 1.00 0.99 1.00 1.32 4.35
1 426.78 388.4 0.96 0.98 1.00 0.95 5.21
3 3934 373.5 0.88 0.98 1.00 0.87 5.51
7 370.35 361.2 0.83 0.97 1.00 0.82 5.72
11 354.32 333.1 0.79 0.95 1.00 0.77 6.20

K 5-3 w = 15.25%, pg = 1.43g/cm? (K>0. 5) i+ #EUE
Table 5-3 Parameter values for w = 15.25%, pg = 1.43g/cm?3 (K>0. 5)
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URREI /IR E,/kPa (0, —03)c/kPa @(o, — 03)c/kPa a I y m N
0 153.27 207.8 166.24 1.00 0.38 0.88 0.51 28.18
1 147.57 199.3 159.44 0.96 0.38 0.87 0.50 27.46
3 144.08 190.6 152.48 0.94 0.36 0.87 0.49 26.77
7 137.43 185.6 148.48 0.90 0.34 0.84 0.49 26.65
11 131.44 180.3 144.24 0.86 0.30 0.82 0.48 254
< 5-4 w = 20.25%, p; = 1.48g/cm3 (K>0. 5) B & EUE
Table 5-4 Parameter values for w = 20.25%, pg = 1.48g/cm3(K>0.5)

URELEIAIR  E,/kPa (0, —03)c/kPa @(0, —03)c/kPa  « B y m &
0 121.81 161.9 129.5 1.00 0.26 1.00 0.53  30.61
1 144.70 183.1 146.5 1.19 0.33 1.00 049 2433
3 148.94 194.3 155.4 1.22 0.37 1.00 049 23.18
7 152.50 200.8 160.6 1.25 0.40 1.00 048 21.67
11 150.53 188.6 150.9 1.24 0.42 1.00 048 20.13
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Figure 5-1 Comparison of experimental and theoretical curves
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N N
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Dy Fy

(01 —03)r = A, —Byw + Cyexp (— DE) — E,wexp (— Fﬁ)

2 2
(30)

N wNEKE; NNERAIGHA R ENHIESRE: (0, — 03)c JIWEIH TR ;
(0, — 03), WA, A. B. C. Du Ev Fu Aj Bys Cyv Dys E;v Fyo Ays By Coo
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*5-5 FEITEETEMRETNZE ANSKEE

Table 5-5 Parameter values for empirical formulae predicting the modulus of elasticity at different dry

densities
THE BUIESEne g
A B C D E F
1.38 249.41 6.62 134.23 2.49 7.47 2.21
1.43 453.99 16.71 140.03 2.22 8.09 2.10
1.48 466.62 16.63 166.86 3.11 9.36 2.64

*5-6 TEITHEE TIEEBETNZLEARNSKEE
Table 5-6 Parameter values for empirical formulas predicting peak strength at different dry densities
THEE pIESE v g
A B, Cq D4 E; F,
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1.38 416.73 14.43 121.50 2.49 6.49 3.41
1.43 516.33 20.98 108.79 9.31 3.78 3.58
1.48 583.65 20.66 187.59 2.59 10.51 2.13

® 57 TETEETERFBEMNEEARNSHEE

Table 5-7 Parameter values for empirical formulas predicting residual strength at different dry densities

T-5% T 22 56 244
AZ BZ CZ DZ EZ FZ
1.38 337.81 11.01 128.56 5.99 7.54 7.41
1.43 405.97 16.06 95.37 7.65 3.74 3.57
1.48 438.05 16.40 124.55 7.91 5.37 3.97
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*5-8 TEHRRETEWMLHSHEE

Table 5-8 Parameter values for structural soils under fully constrained conditions

YRR IR J& o3(kPa)  E,/kPa (0, —03)c/kPa (0, —03),/kPa  m4 m £
50 75.88 216.24 195.20 2.80 1.70 8.88
0 100 129.54 384.19 369.13 2.50 1.15 7.06
200 157.65 703.77 563.02 2.30 0.58 36.07
50 63.14 164.63 131.70 4.89 0.44 19.03
3 100 99.47 330.74 264.59 3.23 0.49 25.59
200 135.40 585.85 468.68 2.54 0.56 33.00
50 61.32 155.99 124.79 4.97 0.43 18.29
7 100 92.75 280.56 224.44 3.53 0.46 21.75
200 124.73 473.91 379.13 2.92 0.50 26.82
*5-9 K EBMARRETEBMELHSHEVE
Table 5-9 Parameter values for structural soils without upper constraints
HRMEARR BlIE os(kPa)  E,/kPa (0, —03)c/kPa  (0y—03),/kPa  my m £
50 75.88 216.24 195.20 2.80 1.70 8.88
0 100 129.54 384.19 369.13 2.50 1.15 7.06
200 157.65 703.77 563.02 2.30 0.58 36.07
50 41.81 147.91 118.33 7.75 0.50 27.23
3 100 60.04 295.95 236.76 6.35 0.60 36.27
200 95.08 504.16 403.32 5.45 0.63 37.71
50 38.10 131.22 104.98 8.55 0.48 24.58
7 100 52.20 246.09 196.87 7.35 0.56 31.92
200 84.49 430.29 344.23 6.25 0.59 33.73
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