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Table 1 Physical parameters of the soil
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a. Schematic diagram of direct shear equipment
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Fig.1 Temperature controlled direct shear device
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Note: e, is the initial void ratio of frozen soil; w, is the initial water content of frozen soil, %; o, is the normal stress, kPa.
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Fig.2 Shear stress curves of ice-frozen soil interface and ice-soil particles interface under different normal stresses
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a. Strength composition diagram of ice-frozen soil interface
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b. Stress response of ice-frozen soil interface during shear process
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Note: 7, and u, are the yield strength (kPa) and corresponding shear displacement

(mm); 7, and u; are the peak strength (kPa)and corresponding shear displacement

(mm); 7, and u, are residual strength (kPa) and corresponding shear displacement
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Fig.4 Strength composition and stress response of ice-frozen soil
interface under shear loading

M 4 FRT DU e A AU 5 T 110 28 2R i
RAELEAE, YN R SR s 2 F Ak (1
S RSCEE VLIPS S YR W N VRS [y & L
YE, BYN ) RBUG AR LR Vs 248 W ) e I B 2
Ja . FrIRGRR A, RO R A AR
BN 3 R BN A PP R WA T RUE . 2 0<u<u, I,
FUIIA AR, B BY R e IR S5 K R B SR iR K
s 2 ug<u<u, W, FHIAL RS UKIT U677 A 805, e
F T HTBY 9 R A SR i L RE R o S I R AR, HXA
Ao 28 SR o R S T ) i R T UL TR R 1
DORRIZWIE R 2 wu, N, SR AL AR S5 UK 58 AR AR
P R 2y R R AH . DO -V - ST AE BT 1)
TR R G T B R IR RS L BRI A L
LR (RO

3.1 FEBHSH

UK-1R = 5 107 1 &5 AL w3k ¢ A fur 280 E FH T
RT3 B AR Sk o B 1 s e o 224 % T Ak R &5 0K 56 4
T i T P PR i () A 2 52 38 A VR 7K RH A A K ot
FLIRFEM o AH EET-0K 5 IR i 45 4 LRI OK 5 80k 2 18] 1)
PEBAER, 0 SR B s BN e O T AT,
TMIE T 23X P S DR 200 S s B ) s e . VK-
A5 65 2 R K- - FIORE FE T 22 8] 0 BY . ) 2 S K 43 Bt ST
IGE R PERT . NP 4 Pl DA Y, K- A i i
BYNY 7K, S R ARG SR o O s T oK - OB S i
BY R g T Ra o WA, ) S T R e i B R OK
VAR BB RS AR R B, DK-1% ST R B N KT
I PRI DK - ks S 1T R B Y g o IR mT DA AR ) B D)4
BT UK-R - ST RN DK - 0k S T 4 85 Y. ) 2 bk e X
FHH I Z R R B m, WRRN

m=1/7, (D
A o 7, 20 0 AR R B A7 B8 R UK -0k L ST B Y Y.
RS Y. (R OK - T RORL S T I BY Y. 7, kPa.

PR UK -1 - 4 T R0 UK - 1 Joks S T 1R BY Y 3R 56 2
B FAHE D W ATHRAS BIA R B OIS UKV
S A58 R A me 455 Bl 4 SLIH BTN ) A8 A R A
CIRCE PR AE S AR ST CINYIPA E PO E S
wmE s frs.

G R

Structural coefficient m

BIR )
Shear stress/kPa

0 1 2 3 4 5 6
B # Shear displacement /mm

TE: ko J VK-V FTH IAIRG DV R E, kPa-m™ s my by 454 R VG A 210
m, HEHIRBAEE A BTVR L IIAIAATLBRLE ) 1.0. HIZHE K% N 14%.
RN J) A 100 kPa.
Note: k, is the initial tangent stiffness of the ice frozen soil interface, kPa~m’1; my
is the peak point of the structure coefficient, m. is the stable point of the structure
coefficient; in this figure, the initial void ratio of frozen soil is 1.0, initial water
content is 14% and the normal stress is 100 kPa.

Bs F@if L R n ek &
Fig.5 Relationship between the shear stress and interface structure
coefficient

B s T DA, S A5 2R B AR A mg X6 B
PR 7 T N Ay Jes A R R o T 5 A AR O TR I R m,
X IS F) B B N ) B AR R . 3 S BT A A R
IrINR ug M ueo T WEBIFE uo A wer T SEXS S5 H R
Hom KU SRR TS, X230y



118

ok TFE2AR (http://www.tcsae.org)

2023 4

_u(a+yu)
 (a+puy’

K as By AR SAL,
SRR G (1) S 4589 R 6 . M
KIFPaT LLE Y, 2 u<u I, UKV SR UK T O IR 45
PR, BEAE BIALRE RN, B R R AR,
SERRAE BT BB S, N B DI R
Hougs 4 usug I, S5 R R B B DI AL 3G s
e, IaiaTThe. AR, VK- AR S5
WA AR R e . MR ILEREE R 1.0, #]
B KEZN 16%- V5N )24 50 kPa B S0 454 R E m
NRERHRER, X T4 N A AN K S R ROR,
TR NN R SR SRR R R A, MUK IR R S

2

PR S5, A ES R R R O . AR S 2 R a5 R A
WA pi R TR 1R i AT LA E ) g A1 e, TR 2 TR
AILLEH, G IGALBREE N 1.0 B, 1R -HIGG & KR
A 14%- 16% F1 18% IF, XTI uo 7393 4 0.8+ 1.0 A
1.2 mm; 9% EWIAFLEEE A 0.8 I, 3 Bk L wlia &K
KA uo 43900 1.2 1.5 A1 1.9 mm; 244 L HTLAFLER
LEA 0.6 B, 3 Bk LA 46 7 K ZE0F B IR wg 43024 1.3
20 F1 1.5 mme MR LHILA LR EE 20 504 1.0, 0.8 il
0.6 I, ¥ LHIUA S KEM 14% 8K E 18% I 5 M1 u,
IR 32.7%. 41.3% F1 52.1%. 0] LG HBEE & K
MIMER, uo EKIER, S H TR (=3 C)
i, RIHIAA SRS, WIS AL RS kB2, %
SRR EERT ST (1) BY 7 FE Dkt ok

o 0,=50 kPa o ¢,=100 kPa A 0,=200 kPa — A2k Fitting curve

s s s

b s 35 Z 35

R 2 .2

: S0 220

(53 [ L

3 S 25 325

2 2 2
eo:LOé é 20} 4 £ 20

& g 15177 @15

= E=d B l,‘

W W% 1.0 W& 1.0

2 £ g5 E=i

I B B S e I s I B

BIYI7#% Shear displacement/mm B U467 %% Shear displacement/mm

g g g

= 3.0 = 3.5 =

RS 2 2

é 2.5 LL::% 30 = ‘4%

o 5] o 5]

g g 25 o e §

g 20 2 5 ° 2
=082 2 20} o, g

E 1.5 E A E

a 3 15 LLaa 4 &

£y Bt 4 fa K

N 1.0 W 1.0 % 1.0

T T T

0.5 0.5
SO s s e %0 T 2 3 4 5 60 1 2 3 4 5 6
BIYIHi# Shear displacement/mm BIYIALFE Shear displacement/mm

g g g

= 3.0 2 35 =

RS 2 2

= = 7 =

5 % 3.0 > 5

o =} o =}

(53 (5] 5]

[} L L
9020-6§ E 2.5 ° 2 E

Q Q O, o Q

g g g

wn w1 20 a w2

e i s e S K e R M B R )

i ® 70 1 2 3 4 5 6 &

BIYIf7F% Shear displacement/mm
a. w,=14%

BIYIF7F% Shear displacement/mm

BIYIAFE Shear displacement/mm

b. w=16% c. w=18%

B 6 ARREe A TFR-KLREGEAMZBE TR 6 X 2

Fig.6 Relationship between the structure coefficient and shear displacement of the interface under different normal stresses
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Fig.7 Variation of damage variable with the shear displacement under different normal stresses
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Table 3 Fitting parameters of damage variable model
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Note: a, b are the damage model parameters, and can be obtained by fitting the
experimental results.
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Table 4 Parameters of Duncan-Chang model
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Note: 7, 1 are the Duncan-Chang model parameters, and can be calculated based on
the experimental results.
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Fig.9 Comparison of experimental and calculated results of ice-frozen soil interface shear stress under different normal stresses
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Fig.10 Variation of tangent stiffness of ice-frozen soil interface with shear displacement under different normal stresses
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Mechanical properties of ice-frozen soil interface under
cementation of ice crystals

SHI Sheng'?3, WANG Guanfu®, LIU Tianci®, FENG Decheng®, ZHANG Feng**

(1. Research Center of Coastal and Urban Geotechnical Engineering, Zhejiang University, Hangzhou 310058, China; 2. Center for
Balance Architecture, Zhejiang University, Hangzhou 310012, China; 3. School of Transportation Science and Engineering,
Harbin Institute of Technology, Harbin 150090, China)

Abstract: Water migration often occurs in the permafrost slopes during seasonal variations. The water can be accumulated in
the vicinity of the freezing front, and then congealed into ice, due to the influence of gravitational and temperature fields. The
underlying ice layer was gradually formed with the increase of ice thickness and area. The interface between the ice layer and
the overlying frozen soil can play a crucial role in the stability of the permafrost slope. The mechanical behaviors of ice-frozen
soil interface can provide the theoretical support for the stability assessment of permafrost slopes over the long term. This
research aims to investigate the mechanical properties of the ice-frozen soil interface. A series of direct shear tests were
conducted under the temperature of —3 “C. The shear stresses of the ice-frozen soil interface and the ice-soil particles interface
were investigated under different normal stresses, initial water contents, and initial void ratios of the frozen soil. The
experimental results showed that the shear stress of the ice-soil particles interface exhibited the hardening behavior, and then
increased with the decreasing void ratio of the frozen soil. Softening behavior was found in the shear stress of the ice-frozen
soil interface, particularly under lower normal stresses. The shear stress also increased with the increasing initial water content
of the frozen soil. The structural coefficient, damage variable, and structural strength of the ice-frozen soil interface were
defined, according to the mechanical properties and the failure evolution of the ice-soil particles interface and ice-frozen soil
interface. There was an increase in the shear displacement corresponding to the structural coefficient peak point of the ice-
frozen soil interface with the increase of initial water content. Furthermore, the initial water content of frozen soil increased
from 14% to 18%, while the shear displacement increased by 32.7%, 41.3%, and 52.1%, respectively, when the initial void
ratios of frozen soil was 1.0, 0.8, and 0.6. A nonlinear elastic damage model was established to consider the bonding
characteristics of ice crystals at the ice-frozen soil interface using the Duncan-Chang model, where the tangent stiffness was
obtained. The calculation results demonstrate that the shear stress curve suddenly decreased after reaching the peak strength
under low normal stress, when the ice content at the interface was high, indicating the noticeable brittleness interface. The
mechanical properties of the ice—frozen soil interface shifted gradually from brittleness to plasticity, as the normal stress
increased. There was the significant decrease in the magnitude of the shear stress after the peak strength. Therefore, the
inhibitory effect of the increasing normal stress on the brittleness failure of the ice-frozen soil interface. The calculation was
matched better with the experimental before the peak shear stress. By contrast, the decrease rate of the calculated shear stress
curve was significantly lower than the experimental after the peak strength. The tangent stiffness of the interface increased with
the increase of normal stress under the same initial void ratio and water content of the frozen soil. The normal stress increased
from 50 to 200 kPa, while the tangential stiffness peak point of the interface increased by 63.7%, when the initial void ratio and
water content of frozen soil were 1.0, and 18%, respectively. The increasing normal stress was induced a shear movement of
soil particles at the ice-frozen soil interface, thus promoting the pore healing and strengthening the interface. Conversely, once
the normal stresses were the same, the tangent stiffness of the interface increased with the increase of initial water content of
the frozen soil, as the shear displacement was smaller than u,. While the shear displacement was larger than u,, the tangent
stiffness gradually decreased with the increase of shear displacement and approaches zero.

Keywords: shear stress; structural coefficient; nonlinear elastic model; ice-frozen soil interface; damage; tangent stiffness;
cryogenic direct shear test
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