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Fig. 1 Prefabricated pile squeezing frozen soil
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Fig.2 Thermo—elasto—plastic cavity expansion model

TEAE B 2483 (8 X AR IR R, AN Dy O B89
o35 AT 0,.04 0., RN _FRR T 732 35 [l Y
ERST.
12 BFFH

TEZAFVR 1 X BORERERINE T A b, LOHZIE Ay
(a0 Z (WS PR T N |5 R N e N1 2
RS HISULE HESXE L AR 2 A E AL AR
(@)W TT LN IR p, BISE R TR AR L X
AT B B T KA R, DRIETE FTAR AR PE T B AR
KA o TR B HRR — AN 20 m, (R
Vi BETRFEE AL 28 A AR 1) B it T
R KA O, B T(a) B 2/NT 0 °Co [a] i
ATLUE X AR R SR TR — SN A

TEALINIET] p JB BT RB g R, AT LIRS ] il LA
H1 LRI S5 34 DX BEPEIX (@ < r < s) HRPEIX (s <
r<b) KAHNX (r> b) FPEX AN BA AR
AL T(b)LA K AR R T BB py, W] LATE S D
JRBTRFS AT . EIR AN 2 PR
13 HEREER

BRI I T 7 R Z U A HEZL R BT
AMEGE BRI Z Y T EAE N -

1) 1 7 55 5 D B i R, R A2 Ak T 850
KA ABAY T 3 A8 A AN S W) L A B 23 A1, FLACHE
TR DLES 2795 X6 TR B IRLEE S A1, T A 4 4 84
o RenEt, AR WA 275

2) Yk BE 3 A1 T(r) (S Hh AT L% PN /ML B i 7 (35—
ESul > SLDN

3) LA TP AR, Bl e, = 0, R ZE A 24



%2

B, S5 BT 2 ot HE R DU A R b BRI LA KA Y 353

AP IR RIS AR 5 LA A I
4) BT ARZS TR, LAY A T R R R
43805 5 s AT ARSI R FFAR R O T 2

2 ALY BRI RE AR

1) U572
SRV AR SRS SO FR IR T LA R H -
ou u
&=y C0= (1)
KA, e, WARNAS , e, F IR N AE
2) Ve
S TV 6 P F B L 4% o L)
R R 193 i 0, 0,40, 08 R «
0, L 9:=% _y (2)

_r r
or r

3) RGP E AR 7 A
% AR 5 32 PR AR TR A S R, R
PEAKY T2 CERIN S50 ) it 0, .00, 38R «
E oET
= m((l —V)e,veg) = T 50
E aET
= m((l —V)gy+ve,)— =2y
Ev oET
0.= m@ﬁ%)— T-2
K, a NI R, E s v IAm b S
VI UL, B TS (RIS R 0 A A [ 25 2 AN [ o e A
FEHTARS FE 2 5900 E(h) ov(h), Forb b IR e 52 B
AR, FIRSET DU i R A
4) Pt 5
TSR AR T R — SR IR BE T(r) A Bt S ] 28 A (B2
FEMR ), ] AR o RRLEE 23 A A5 G T A A P
I

o

(3)

Oy

5 &7 1 .dT
VT®=E;+?E;ﬂ (4)
A, VR Nabla B8 45 655 — 28 L4140, an S it
H T(a), SNE R T(b), W ARG 5 RE I -
T(0)-T(), T(a)lnb—T(b)lna
nb—Ina ™" Imb-Ina

3 BUMTRRETHMABRSN ST

TEWN s p, B/NAE BT, i Bl A A b T ik
ARZS L HnT HT stk e 0 Jr oK e LRSI g o 5
PEJT A ZAOR S T 1%, A SR FHAS A% 15K fige mT LA T)
it A (57 A% AT AU e 2 (1) ~ (3), 453
AR S A T AR

i(l d(ru)) _a(l+v) dT
dr\r dr 1-v dr

T(r)= (5)

(6)

e SR B R 28 FEAR IR, X 2 R o 15 52
PEPIARTETCHN I RS D0 A7 A A2 o A T PLSE
SGESERE T(5)=0, AT i 2 (5) A1 (6) A5 5otk 25
R u B FE AN

_al+v) C,  T(a) bh 1

u= v Cr+ p +2lnbr(lnr+2) (7)
a

A, C 5 C AR E Bl LT R (1) FIAAKY 7

FE(3) AT RAK H SRR T N T B k200

o;@+%~—ﬂ2@3@9+l) (8)

” B b ro 2
2(1-=v)In P

a€:C3—%“ + %a)b(—lné+%) (9)
21—y g
a
o.=20,- “ET@ . b (10)
1=y d

(8~ (10)H1, C; . C BT H %, tAEFLIN AP L
J1i 544 0, (a)=p, Fl o, (b)=p, T E

4 EEBMESHR

4.1 FRITAEREEN
TE— M T AR, A SR T 2R Pk 9 Mohr—
Coulomb YEI3 A , BV IR T A 57 77 o, /N2 7
o ZMELL A o AR LA Mohr—Coulomb JER] ,
Jet IR T8 S IR 1 p 57 SR ST g IR A o TR
vk E BRI R , W% R BB R, o - R
2t AR , I LI B it — AT REAIG X —
PGB L R SRR o g s P A >
PR - B K , S5 5 LA CSERIRE I 9 0k 05 p° ok
e L AR e v D
q:c—kp+%p2 (11)

m

Xl e HER T sh=tan o, 0 HNEESES p, R 24T+
BT L5 B g ik B fee RAE RS A3 07 Sl 2R (11)
E L5 EHENITE p—g V-1 E Y B 4, SopR
X T AR R A 0 R e S O ) SRy i ) £ i
N HP e p, SIREE THYRREOC R IR
c=—0.147T+2.255,
0 =—0.607T+27.27, (12)

Pm= V—065.79T+45.61
o, THY B ICC . p =0 (12) AT DU Y« 7RI B AL
AITE LR (0 °CZEAT) , po WILIE A2 A fi SRS, LR
PR BEEE A0, TO 286 R 0 0 i A e A BB B A a2
2RI, p,, Xl (R R AR



354 TRER2ESH AR

%58 %

XTS5 0 A M 5T 22 AR B AR Chnk B i 1)
Wang ZPYEAT T — R85 24 B 1 AR ) =ik 56
AR R URES R L iy 5 B B A R E B IFALF
B FIRREED RS (R A i D

FH T IR A 2 7 i e o U] 2 3 ) — itk 0
FE W, BB p=(0,+20,)/3, g=0,~0;. T 1E a /N p >p,>0
BT, X (8) ~ (10) i 2 I3RS T k%
NI RN R RIGA N 0,70>0.=0,>0,~03. N I TEFE
TGS I IZ i I AT DAE— 205 5h

—cr ¥ __k 2
(O-r_o-ﬁ)_c"- 3 (O-r+20-€) 18Pm (O-r+20-(~)) (13)

RN R B0 75 A i 4 26 78 Tt AR AE A o, 0y 1Y
4.2 ZEBMXMEE

Bl PN R — 23R, Y AR e X 0, 5
o, A A R EN 20 (13) It g A B , A A 8
ASTEARZSTE BE X, AR 2 fi s oAb T3 PE AR TR S
1) AN TG B A R, T2 2 2 (13) 1Y
PPN

DRIkt 38 3 5K (13 ) W] A 2 76 N e p, R T 1928
PEX G . 24 p>p, B, 8P DX & MR FLAL r=a FF 46
R AEAIC S BV IX B AT LA ROR O r<s, Horp
s R BB DX g DX 43 S TR X 7 A~ A2 o FEAT AL
1 RSE RS E R A A AR A S IS LT s
W p, ME—B 7 , B s=Ap,)-
43 SHEBMERETHRD

SRPE DX 1 T 5T i A A 2 TR e AR 0] (13)
NI R T R (2) , 3R R A I T A A
18 A R LA 0t B 10 T Py R AR A £
et AU R DR ST, AR A 5T A4 i A ) g SR DX
J15340 0

Y }k(ar?% —Pm|+M (%Mg)
~= (%%) (14)
(e )

P, YRR B MO ERIRRN R B M AN

M= /I’ p}+2kp,.c (15)
PR B0 Y AT FH N BE r=a (R0 1 10 TR ERf A
r—a =Pa (16)
rea =W(P,) (17)
XA wp) BRI R T 0,0 B4 KX (16) 1R A
A (13) RPA] R,
MURE T W p,Jo , BIATHREZR(13) 5 (14) 3R 98

O-V

Oy

YEX Y 6, .0,7p(0,)o T IRPEX B0 1 H il =t(2) F(13)
PS5 R, DR Tk B AR U8 ) 17 T o, PSP THT
LR (R S5 FEFRPE S5 T, o, R TR T 188 ) W AR &, (9 24
W ARVR L NS ARIE J5 7 A i R, SR X g — 2
R REAFAT R [) 2y AR 55 PR AT A IR IX o, O {ESE
Tk X 5 9 X () S miAL o, A

X 53R DX I g A1, AR A 3 S T 4 1 g 30 A
A

r=s =Ds (18)
Ao, p, Jil it R (13) L (14) B H Y r=s Ab Y S
DX AR ) 10 7 o 2 17 P AR 3 XA R A R s IR
b IFEFLY 5K I, A SRS W b =k o,
00,0
4.4 SREBMERETHAMRE

PE X B BLAS () DrAF 5 (D AR TR BTE 2, AR
RN RO A 784k, BRI T 9 PE X R e p AR B, BRI

0,

’
u= ol +v) C{r+g+ () r(lnﬁ+i) (19)
1—v b r 2
211’1;

Ko, € Cy B R B R F 556 3 A R A 4 B
PEATSR PR X A

Fh T 2 50 B o ) 2 3 T B 4t
BETCHE AL 34T Ap,q, TR H SBYE X A . AT LAAR A
B T iE s R BoE S X R 46 7 R AN
MNTTTZ H BB I (0 3% I B A

TEXS VL X (14 - A HEA T 20 A I, T FH 4 Jo
2EH ) —JRE , XA AR R 525 B Ak b, B R
BRIk, p AR — 23 0] 4, IF H R=r(R,
o), /=r(R, ) T E S S Bt SR P A VAT AL AE ,
A H IO AT 7 RSN 3 A N B S, A 23
EWIR AL BT, B r~R 5 TE X SRR —A
HORL R (RS, T LA Ry L2 (] AR AR AT 5 0k 4 4 S

3 BHBRBREE
Fig. 3 Schematic diagram of deriving plastic displacement



%2

B, S5 BT 2 ot HE R DU A R b BRI LA KA Y 355

A ALY TR A BT XM, i Rar B R
—ANr b IR SR 8220 h S R AR R e OGS
TAEFLY 5K 0] AT LUK S IX Y S A 5 h

u=u(R,s)=r(R,s)—R (20)

A A —ORL R 1) R 67 AR AR (R, £) X i
(7 1 B 28, (] s 2 B8 B ) o S 85 anRE X 1
Ny s SIS TRIAR DG, U FIASC RIS R .

Du or or .

D-g) - g
[, DAY FHOR 858, AR R RN XTI E] 15K
S T E M TR RANE L8 Sy s R TRLSR S

(21)

DRI T ECR -
Du Ou Or ou ou Or Ou ).
g (2T E)S (22)
Bearat(21) . (22) 015
ou
_or _ os
VR 5)= Os ou (23)
l_ _
or

R, Vo SR AR
FIURE (4 LA R &, 6 19 BT 6,6, S
SRR P S R B

- Dm0y oDy o)
" Dt\orR) oOR\ot), OR\Dt) oR\ot),

(24)
Q) A5y
é.= %& (25)
[F] B AT A5«
. D [u V.
80: E(E):ES (26)
XF TR 6, MRS S B SR A A
. oo, do, \.
0,:( s +V§)s (27)
[FJEE, X F 6, A :
Oy= (%+V%)$ (28)

TSN DX, A5 VA o 4T g 3 0 B i o B
TRIFIRIFER I 2, RSB IR A 4 T A0 -

éii: (l_EiZV)dii (29)

Kb e, MARFRN AR 6, W ARFRN Jy R TE
FI| 1K 45 15 5 K=E/(3(1-2v)), W XF 5 1 07 4% [a) 751,
K QWA RIEAATE R

v ( 0

0 \[o,

Ko, HVBIN T, 0,=(0,+0,+0,)/3 ; ;1 FRAEIAPE X

RIEFEPEIZHL, u=(0R/or)
AT N =R, A P 5T T po J5 8k

P u=1 TR 6 TS B M Rt — 2

W2 PR, s)=0,/K+3aT, FLH 5 SUR SR PE X AR TR

W72 = (28) AT A4S V(R, s) 4

P( RoP R )

(¢
V(R,S)= f g ?dR-f-g(S)

A, g(s) WELV W K Bl V= (or/os) it — 2 RS
7’7"7:

(R, s)= J: ds

(31)

Rop R s g(s)e”
aa.?dR+J’aTds+C (32)
A, C BB FAEFLY Sk m) 8, N BE R=a b1
57 B X AT (A A8 ) S A% R e PR VE L PN BE R A2 75 T
EH

s P
u(a,s):r(a,s)—azf g(ST)edS+C—a (33)

YERXT G, oAb 25 T Tresca 58 EHEN] (0,— 0y=
2¢) HIBVE XA B i R (AR R TE) P

2

dr(a,s) _ oom s m 2c1+v) |
ds —((m l—m)b2+1—m+ E

2m—1
I

2
(g) +—lf’m (;—% (34)

T, m 5 PR BT SRR RRE K, m=2c(1+v)(1-
W)/E,

5 BHISSHh

AR g TR Rl ok N ARSI . R
R X (MRIRE T=—-15 °C) BB ERE T2 M2 a=
1.0 m; %R 1 25 p=20 kN/m’, 3P i E=25 MPa, JHFA
bt v=0.25; it T 05 FL N -+ 4 B F 40 8 il 2 T(a) =
=10 °C . N p, M\ O ZHi34 fin 2 R<2.0 m vl Bl P 1 1k
SEBJE AR o B T %K 1.0 m<R<5.0 m (55 HEAR) JE N
AR TR -

51 INERHE

M A L0 ) R B K TS YR 7>
—10 °CHT, K, Fifi it FE /) 22 AR AR (RAE AR TR R = (T<
—10 “C)MZEMET , #i M) RELK e T 54X AT fig
S TGRS T, R - A0 B P B I FRaE
HRIR kR E S I R G s - AN - (R RIF T 25 5, 7E
[l 85N (<2 MPa) UL T, iTHK =08

AR 2 R R TE 2=5.0 m, i p,=0.8x20x5=
80 kPao F37 I Ml f SLi g o, 1Ak 21 IR BT
WIE p, K TFHMNE p,, B AR AT 32 B4 dh 7E AR fL
FREIEE, DRI AE 1 R T ) A T MR S IAS K



356 TRER2ESH AR

%58 %

5.2 HAEBREBBMAE
9 A SCRROG R - A PR MK 22 50 Qe A Ay 52 SCH
2R I ik 2 B AR AR B ik R 0 SR TS, B AR
VKB BB 0, =57 107 K™ B 1 ks i I ik
WE/NT UK AR A R 5 VK 0 e Z4 56 R ANALE- 2, AT
W a=3x10" K™, R SEIBUEI M T2 1.
F1 EHHESH

Tab.1 Parameters of the example

1

py/MPa  E/MPa v a/m b/m  T(a)l°C  a/K™

0.08 25 0.25 1.0 5.0 -10 3XI075
53 BEIZMNMBE
BRI SRR A )RR Y,
HELEEINE 4 s

7=-3.107In r-10

|
|
|
|
|
|
|
|
|
|

4 FEIHeRES

Fig. 4 Temperature distribution in frozen soil
54 BHTERSTHNASEE
TGS AEFLIA AR SRR R C
C,, AN p,=1 000 kPa 5] , (b sk J&1 ] - A 4 4 T 5t
MASTEARAS , HONL 137 0 VSRS S 0 43 A1T NI 5 FITR o

1 000 0
750 -
500 - 1-12.5
250+
5 g
< 0 A -250 £
g 3
=250 —=—0,
500 =0, 1-375
—.—0‘9
=750 L
—1 1 1 L -50.0
0001 4 5

2 3
PR O r/m

E5 p,=1000 kPaBtGEMETRAREST)BIRL FIHFL T 15
Fig. 5 Stress and strain fields of p, = 1 000 kPa (in the case
of elastic deformation)

55 BEBMTMIRES TN
G, T S B XA 5 AR AR TR A
(AT 2R 2 A L AR R i 2 5 (13) B X, A

AR BPE X AN B s 55 A T p, ORI 5E 28, AN 6 e
7 U IR Z G AT AR O S 4521

20t

1.8
£
&
B 16
B
a4l
& Ll 5=-0.013 7p>+0.324p +0.496,

: R=0.999 78,
1.0F
1 3 4 5 6 7

M Hp /MPa

Elo ZEMXiAFRSAERINERXFR
Fig. 6 Relationship between plastic boundary and internal
pressure

e 2R & L A S DXt ok TR« A LR A A
B A S R A B A A I — A e IR AR R Y
JE T MRS VR A P B AR A R L R A R, R T A2 5
SRR B E o BRI, 7 AR A S AR ZE A AN e A IR )1
BT, 50 B U] e S B S LA A LR T(a) o
B, 255 B S BUIE Fr =X (12) A (15) TH5a A5 2520

W2,
*2 EESHEE

Tab.2 Values of strength parameters

c/kPa k p,/kPa M

3723 0.6579 26 524

AR s B ISR B AR TR RS UL p=
3 000 kPa Ay 3], B A C R 5 7>1.35 m (1) XSRS 1k R
2K s=1.35 m FME b=5.0 m AL )R, BRGEPE J Fe
AR B R B i R A (1) i

r<s XSO SIPEAR T RS B R 45X (16) 1
KADRA4) SEAFB Y, a2 (14) 755
SRR ST, ANl 7 BT o JE 8.9 43 IR PN R 5 1000
6 306 kPa (/) J1 434 o

20 842.63

3000 -~
——C, 9
2000 =0,
<
Z 1000 7
S n 3
= ~ PRI
,‘;}' 0 ............................
~1000
-2 000 . .

g

1 2 3
AR A B /m

El7 p,=3 000 kPaBTHIR 1135
Fig. 7 Stress field of p, = 3 000 kPa



H52 T A LT A i R VD) i U PR e SR AL AR R 357
5000 7 (1.35, 1.35)=—0.189 2,
4000 - ] PR ORI (30) AN 1 45 5.5 47 h ot
3000 - -7, YPE IR I3 TR0 0 , MR R P9 IR p, I B e
g 2000 FRSIME X 300 S s 5 L I AR BB A8 P, JETIT 422 oP/os
% 1000 AR o SR PR S R 33 S 50, PRI BRI 2 sl A 75
= 1 002 AU A (30) 75 1 g(1.35) = —0.275 8. %
:2 000 // AR R 25 95 ] DLy 55175345 31 g(1.00) = -0.004 83,
23000 2(1.57)=-0.360 8,g(1.77) = -0.437 2 . fJ @1t K (33)
I 2 3 4 5 PHELAT B FE S B %5 3.4, 5 MPa B Py U (45
B b AT 10 %
E8 p,=5000 kPaRtHR 1137 0
Fig. 8 Stress field of p, =5 000 kPa —=— 5T (33)
—— T (34)
e —, ‘\1— BT AR
—0—0‘0 :-\
4000 - WATEIX ) \i

£
e 2000
S
S o 0/ I rorverrerr s
-2 000 //J-’
-4 000
/ L 1
1 2 4 5

3
FEAE LB RS /m
9 p,= 6306 kPaRtHIR 1137
Fig. 9 Stress field of p, = 6 306 kPa

M 7~9 ] DI H Y R E A S AR TR A
JE BRI F) 0, 22 2R W AP 7 (=) PR R A7 (+)
I HAE B B b AR E S PG N IR AR
WHLBEAR T , AT BESE th TR Jd KRS8 A=A T
PN AR SR XN ) A3 A B ) W AL
5.6 HFLAMAIAIRE

HEAL R=a Ab 0778 1T LLKETF — S AU T, B
NGB8 R g(s)IME . LA p,=3 MPa A il T T3 AEFL
IS

W5 (33) , R FH s=a BT AL GT 35 2 B8 M 1 2%
P, 75 5 3k 1 u(1,1)=C-a=-0.083 m. #5315 u(l,
1.35), W /D5 2R H g(1.35), A g i B AE BT
S RUE o =X (31) AT, R 1(1.35, 1.35)1
B, B AT 3 2k £ 8 AR 4 15 31 g(1.35) WA . 1T 1(1.35,
1.35)A] Lid Rk 2 (23) 155 B Ay

ou ou
du—ads+ aiRdR (35)

A B2, AT LIS 3]

u +£r) x0.01 (36)
Os

3 (36) PAAT dulds EARJER: , HABIE AT LAsE i
SPEPR ST A B TN AL SR BAAEL o A TT T B4 1

u(1.36,1.36)—u(1.35,1.35)= (

FLEEN Fu(a,s)/mm

«#%ﬁﬁm&\\\\\

2 3 4 5
M Hip, /MPa

10 NEFGENFLEABHELSR
Fig.10 Calculation results of the internal wall surface dis-
placement using different methods

VRSN b, AR 349 2 Mo s (34) A T3, 15
FI BT Tresca ME N TH55 A9 AE L N 7 057 7 1 H 53 25
(E110) T LAA H, K (34) 57 R T B BB 1A 45
B B AR, AN S TR L R FRoGEE (PFEM) /&
— ik AL AR R AR IR 0] R B (A A T
1202, Hauser S HBHZ )y A B UL K1
AT T EUE R ORI R P AR T R TE R
CASM #5 7% (clay and sand model)™") % 8 [#] 25 % +
(HEEISS LR 16) HEAK S50 T AT FLA 5K 0] &3, AL 01
— S BTG A K e B 25 A R BB
FLAL WG B EE AR TR B 08 F 7, P R RDAS AL RN ASZ
FIIE LI 10 s, kLA BROcE - T BUE T
P ZE R S A SO B T 25 R 2T

6 S

6.1 FLARERIFM

H1 VR A BRI ZR K a AR/ A FL PN S At
ZERFANIRZSS BN 1 S AL s M 5 o 32 il
S N AE AR S48 bn 2 (12) i e o
il p,, o FEFLBI R EL 2845 ol T 28k DX ASC A A B
FEALARGE AT RN, PRI b 3 g 2 i b o 9 3L 2 7=
T(a) X A F AL INIREE T(a), AT LAAS 28 1 X 5t

A\

| | | | | | |

B O O N N |
(=2 D (=2 D (=2 W (=2 W
(=] o (=] o (=] o (=) (e




358 TRER2ESH AR

%58 %

s MR BEIELEE AL APl 11 77

20F - mmmm e oA - e -
18}
£
&
L6
-
=
% L4 —a T(a)==5 °C
= = T(a)=—10°C
12} e T(a)=-15°C
N e s
1 1 1 1 1 1
1 2 3 4 5 6 7 8
W p /MPa

11 BHXBFHESEERNXR
Fig. 11 Relationship between plastic boundary curves and
temperature

M 1T AT AT H TRURE A T8 5 B30 i R )
R o 25 N AR TR, 2B X 2 B 5 L P9 8 T oo T
[ ST o R A 7~ 9 B I g 3 A1 iR AT, R A X
55 DX R ) N ) 355 0 AT AR KRB AS [, 088 1 DX
B A9 A A2 23 X5 0 B A 7 A2 BRI, 4n P 12
7S o AEIEPE DX, L PN JEE B g, X 7 8 B 1] 13 T/ 5
1T A A DX B g 0 DU X D7 1 B R AR B iz T
WA Bt T E PR T g, B i ) A B X 0 S
1458728 B GBOR B ] i

0
—o—T(a)=-5°C
~500 —A—T(a)=-10 °C
o —=—T(a)=-15°C
EQ—I 000 -
o
=
& -1500
[y
-2 000
2 500 1 1 1 1 li
1.00 1.25 1.50 1.75 2.00
BEAEH OB /m

12 MEROSHEREMNXZE(p, =3 000 kPa)
Fig. 12 Relationship between circumferential stress distri-
bution and temperature (p, =3 000 kPa)

6.2 BHXKRFHHFNT

TETHIABBVE X 7S u b, 5] AZS R pu=0R/or KR
EAPEARTE 5 3k /NAE T ABURE Dt 5 R EE o 2R ] 3t
WHIZSROELNER) A =R/ R FARA B RE T
SRR ML NS BRI IBIE RIS u (a,8) A -

a
a+u(a,s)

M (37) ul LAFE Hh , SEPn iy B AL /N T34
HENERS , Ul IAE IR TR, R AT AT TR

u(a, s) (37)

u,(a,s)=

7 &

AR T LTl 2 5 J3E v ) ) R b A
IRPERERY 3 FLAT AR A H DX Bl T T AT
TR T LSRN

D)X TR SR T A9V L, 75 225 B
JEXS R AR SRS (5RES U R o PRI A S
P& A B 55 G T PR AR Jy AR i g 5 R
W BRI AR NS RSB ALY sk o, R
P32 T BT My 2 o 8 ) ) FAsE - SE AR ALY 5K
(LU

2) Bt AT A ik — 2 1 R, o T 4R 7 DA R
AR AL Ty FEB MRS, T BT FL N O 1) S
AR BB IX o AR AR 4 ) i S DU, T DA AN AE X
S 3 Sy VB DX A S DX 0, 20 SR FH A ] ) 7 7
HEAT SR AR o R B DX R g, A SORR g - 7 R A
PO L RLAED 25 1 1 e b 25 X T B X B2 A%, AR
GG B s s R AT 1 o0

3) T R - DXAE BE Al it L) e v A7 S LY
TG AR SR RIAE T R ) SR 3R
it AL A IR AR 5 3 AT DL T R AEFLY SR )R AR
SCHE AT 1 3B AR B TR RN T A R A
(9 73534 M2, DA SFLBE I 2 A% 42

4) WA FLNIREE I T imy , S DA ) M) X6
TEBE DX, £L A il B A T 8 - BB 1] 10 980/ 5 T %
T, FL A IR EE 0 T i S R ) N ) A R, O
HER 1] I AR S DX T i 58 728 B AR O B
BB HEARIE 5/ NAE T ARE Ml 5 R T LA Bk IX
R FRAERR AR R A Y8 1 X Y0 3 DRt/
HY TS A5 H A 52 PRI RS /N T /NE TR ARE T 7Y
IVERIFS
SE K :

(1] sy, 580 SR8 R R B (M. Lt R H
#£,2001.

[2] Obu J.How much of the Earth’s surface is underlain by
permafrost? [J].Journal of Geophysical Research:Earth
Surface,2021,126(5):¢2021JF006123.

[3] Hjort J,Streletskiy D,Doré G,et al. Impacts of permafrost
degradation on infrastructure[J]. Nature Reviews Earth &
Environment,2022,3(1):24-38.

[4] De Guzman E M B, Stafford D, Alfaro M C,et al. Large-
scale direct shear testing of compacted frozen soil under
freezing and thawing conditions[J]. Cold Regions Science
and Technology,2018,151:138-147.

[5] a8, ERME S R L 1A M) ARt R it 2014,

[6] Li Bo,Wang Tieliang,Luan Maotian. Incremental elastic-
plastic solutions for cone tip resistance in sand[J].Journal



%2

B, S LT 2k ik DN ) R b BRI AT L KA 359

of Wuhan University of Technology,2010,32(6):6—10.[2%
Ve, EBR R I I 0 A ) SR Sk BEL g 8 e s o
fE[J]. DU TR 2%2%41,2010,32(6):6-10.]

[7] Han Tongchun,Dou Honggiang. Application of space axi-
symmetric solution of cylindrical hole expansion theory in
pile driving and soil squeezing effect[J]. Chinese Journal
of Rock Mechanics and Engineering,2012,31(S1):3209—
3215.[5#[F) &, L4000 AL ALY KIS 945 [ 0 B i e
TUBESE T 00 BRI, 5 A0 157 5 TR 41,2012,
31(S1):3209-3215.]

[8] Yu Haisui.Cavity Expansion Methods in Geomechanics[M].
Dordrecht:Kluwer Academic,2000.

[9] Zeng Yingjun,Yang Min,Sun Qing. Elastic-plastic solution
for cylinder cavity contraction and its application to tun-
nel engineering[J]. Journal of Tongji University(Natural
Science),2012,40(10): 1480—1485.[ %4 H48 # ik, MK .
LS A4 S A S A R T AR b B (). [R5
KR (A RBIE£RR),2012,40(10):1480-1485.]

[10] Hill R.The Mathematical Theory of Plasticity[M].Oxford:
Clarendon Press,1998.

[11] Vesi¢ A S.Expansion of cavities in infinite soil mass[J].
Journal of the Soil Mechanics and Foundations Division,
1972,98(3):265-290.

[12] Carter J P,Booker J R,Yeung S K.Cavity expansion in cohe-
sive frictional soils[J].Géotechnique,1986,36(3):349-358.

[13] Jiang Mingjing,Shen Zhujiang. Expansion of cylindrical cav-
ity of materials with strain-softening behaviour[J]. Chinese
Journal of Geotechnical Engineering, 1995(4): 10—19.[ ¥ B
B DLERTL . 25 EA R AR B AL B TE ALY 5K IR AL ]. e
+ TRE2AHR,1995(4):10-19.]

[14] Chen S L,Liu K.Undrained cylindrical cavity expansion in
anisotropic critical state soils[J]. Géotechnique,2019,69(3):
189-202.

[15] Mo Pingiang, Yu Haisui.Drained cavity expansion analysis
with a unified state parameter model for clay and sand[J].
Canadian Geotechnical Journal,2018,55(7):1029-1040.

[16] Rosenberg Z,Dekel E.Analytical solution of the spherical
cavity expansion process[J]. International Journal of Im-
pact Engineering,2009,36(2):193—-198.

[17] Zhang Jiaqi, Zhao Chunfeng, Zhao Cheng,et al. Cylindrical
and spherical cavity reverse expansion considering elasto-
plastic unloading[J]. Rock and Soil Mechanics,2023,44(11):
3224-3234. [R5 A7 R KB R A . 5 S S P S A Y
FEFLRIERFL B 19 5K A [J]. 55 1 1%,2023,44(11):3224—

3234.]

[18] Wang Jiacheng, Wang Shanling, Qiu Guoqing. Permafrost
along the Qinghai—Xizang highway[J]. Acta Geographica
Sinica,1979,34(1):18-32.[ E X 7&, F 434 K PE . 3 s
PRV R0 2R 4 [0 s B 24412, 1979,34(1):18-32.]

[19] TRFFl . 1o FHERIANE F7 24 M. AU RT3 AR H i, 1995.

[20] R . 5k J1 2 [M].3 B AL AT SRR At 2016,

(217 X1 R, X1 B 48 5k i FE M XRS5 18 ORI g 27 ¢
PG A BERI M. E 5T FE KR K L Y At 2021

[22] Liu Xingyan,Liu Enlong, Zhang De,et al. Study on strength
criterion for frozen soil[J]. Cold Regions Science and Tech-
nology,2019,161:1-20.

[23] Ma Wei, Wu Ziwang,Zhang Changqing.Strength and yield
criterion of frozen soil[J].Journal of Glaciology and Geoc-
ryology,1993,15(1):129-133.[ Eh i, 2 43T sk K R i+
58 5 T ARVEI [J]. k) 1R £2,1993,15(1):129-133.]

[24] Wang Baoxuan, Xu Xiangtian, Wang Xiaoshan, et al. Me-
chanical behavior and strength criterion of frozen silty
clay under complex stress paths[J]. Geoderma, 2023, 435:
116506.

[25] Yao Xiaoliang, Qi Jilin, Yu Fan. The experimental study on
coefficient of lateral earth pressure at rest for frozen soil[J].
Chinese Journal of Underground Space and Engineering,
2011,7(6): 1108—1113. [ Wk 58 5, 57 7 ok, AW . % L i 1
O g 22 BRI E S (0], 3 T 25 8] 5 AR 2741, 2011,
7(6):1108-1113.]

[26] Onate E,Owen R.Particle-Based Methods: Fundamentals
and Applications|[M].Dordrecht:Springer Netherlands,
2011.

[27] Monforte L,Carbonell J M,Arroyo M,et al.Performance of
mixed formulations for the particle finite element method
in soil mechanics problems[J].Computational Particle Me-
chanics,2017,4(3):269-284.

[28] Monforte L, Arroyo M,Carbonell J M, et al. Coupled effec-
tive stress analysis of insertion problems in geotechnics
with the Particle Finite Element Method[J]. Computers
and Geotechnics,2018,101:114-129.

[29] Hauser L,Schweiger H F.Simulation of cavity expansion
with the clay and sand model using G-PFEM[C]//Chal-
lenges and Innovations in Geomechanics. Cham: Springer,
2021:536-543.

[30] Yu H S.CASM: A unified state parameter model for clay
and sand[J]. International Journal for Numerical and Ana-
lytical Methods in Geomechanics,1998,22(8):621-653.

Thermo-Elasto—Plastic Cavity Expansion Model of Frozen Soil Based on

Strength Criterion with a Parabolic Curve
HUANG Yifeng, LIU Enlong"

(College of Water Resources and Hydropower, Sichuan University, Chengdu 610065, China)

Abstract:

Objective The construction of pile foundation projects in cold regions requires quantitative analyses of displacement and stress in the surrounding
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soil, which can be achieved using cavity expansion methods. Classical cavity expansion methods fail to account for uneven temperature distribu-
tion, temperature variation, and the unique mechanical behavior of frozen soil. Therefore, this study proposes a thermo—elasto—plastic model
based on a strength criterion with a parabolic curve, also referred to as the parabolic strength criterion, which is applicable to frozen soil and pro-
vides analytical expressions for displacement and stress.

Methods Firstly, the geometry and boundary conditions were determined, and several fundamental assumptions of the proposed model were intro-
duced. A Dirichlet boundary condition, defined as a fixed surface temperature, was considered when addressing the heat diffusion problem. Sec-
ondly, the governing equations of the thermo—elastic cavity expansion model were introduced and systematically combined, through which the ex-
plicit expressions for displacement and stress in the elastic state were derived. With the increase in internal radial pressure, the state of the sur-
rounding soil gradually transitioned from an elastic state to an elasto—plastic state, whereby the surrounding soil was divided into elastic and plas-
tic zones governed by different equations. Thirdly, to account for the nonlinear strength behavior of frozen soil, the parabolic strength criterion
was introduced, indicating that the strength initially increased and decreased as the mean stress increased. The stress distribution within the plastic
zone was derived by combining the equilibrium equations of continuum mechanics with the parabolic strength criterion of frozen soil. It was
clearly impossible to derive an explicit expression for displacement using conventional plasticity theory because the parabolic strength criterion
was based on triaxial experimental results. Therefore, the proposed model assumed that the compressive equations remained unchanged after the
transition from the elastic state to the plastic state. The expression for the displacement of the internal wall surface was derived by substituting the
compressive equations into the kinematic relations of continuum mechanics. Finally, an example involving pile foundation construction was ana-
lyzed using the proposed model, and the calculation results were compared to those obtained from a precedented model and a numerical method.
Results and Discussions Comparing the modeling procedure with that of the classical cavity expansion model indicated that both stress and displacement
were directly interconnected with the temperature distribution. A logarithmic temperature distribution was first obtained by solving the heat diffusion equa-
tion, and this distribution was used in the derivation of elastic stress and displacement. For stress and displacement in the elastic state, the influence of tem-
perature was clearly reflected in the term containing the thermal expansion coefficient, which was generally small for solids such as ice, rock, and soil. A
significant finding was that when compressive stress was defined as positive, the radial stress consistently represented the maximum principal stress, while
the circumferential stress represented the minimum principal stress. This finding facilitated the determination of the plastic zone and enabled the substitution
of principal stresses into the parabolic strength criterion. Within the plastic zone, the influence of temperature became considerably more complex because
temperature variations not only altered the parameters of the parabolic strength criterion but also affected the subsequent calculations of stress and displace-
ment. The application of the parabolic strength criterion made it challenging to obtain explicit expressions for stress and displacement in the plastic zone,
whereas quantitative results were achievable through numerical analysis. The quantitative results of the example demonstrated several distinctive character-
istics of the proposed model. For instance, with increasing internal radial pressure, the plastic boundary gradually moved outward, reaching 1 m when the
pressure was 1 690 kPa and 2 m when the pressure was 6 306 kPa. The quadratic approximation of the plastic boundary coordinate exhibited good agree-
ment with the results. The circumferential stress at the boundary surface of the plastic zone was found to be discontinuous, which was attributed to stress
redistribution in the frozen soil. The displacement of the internal wall surface was calculated and was 83.5 mm when the pressure was 1 690 kPa and 170.0
mm when the pressure was 5 000 kPa. The characteristic of compressive hardening was clearly observed from the stress—displacement curve. When the re-
sults were compared to those of the precedented model based on the Tresca strength criterion and the numerical method based on PFEM, the stress—
displacement relationship was considered acceptable from a geotechnical perspective. The sensitivity of model parameters was further analyzed and was pri-
marily associated with the effects of temperature and the coefficient of plasticity-growing. Internal temperature groups of —5 °C, —10 °C, and —15 °C were
respectively applied, resulting in smaller plastic zones, indicating higher frozen soil strength, and lower circumferential stress drops at the plastic boundary.
In addition, the coefficient of plasticity-growing was shown to be effective in further adjusting the calculated results.

Conclusions The proposed model is developed based on a strength criterion characterized by a parabolic curve applicable to frozen soil, with tem-
perature variation explicitly considered. A thermoelastic constitutive equation is employed in which temperature is treated as a variable to derive
the stress and displacement expressions of the soil. The model can incorporate more complex construction conditions and is verified to be effec-
tive and rational from a geotechnical perspective. The results provide valuable guidance for in situ soil testing, as well as for the design and con-
struction of pile foundations in frozen soil regions.

Key words: cavity expansion; frozen soil; temperature field; strength; elasto—plastic analysis
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