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Elasto-viscoplastic consolidation analysis of ground with sand drains
considering non-Darcian flow

LIU Zhongyu, XU Chuanyong, ZHU Xinmu, ZHANG Jiachao, XIA Yangyang

(School of Civil Engineering, Zhengzhou University, Zhengzhou 450001, China)

Abstract: In order to further investigate the consolidation mechanism of saturated soft clay ground with sand drains,
Hansbo’ s flow equation was adopted to describe the nonlinear relation between flow velocity and hydraulic gradient,
and the unified hardening (UH) constitutive model considering time effect was introduced to describe the elasto-
viscoplastic deformation of soil. The consolidation equation of ideal sand-drained ground was modified, the discrete
scheme of implicit finite difference method was given, and the corresponding Fortran program was designed. By
comparing the numerical solution with the existing analytical solution of nonlinear consolidation of sand-drained
ground, the effectiveness of the proposed method was verified. Then, the influences of the parameters of UH model
and Hansbo’ s flow on the elasto-viscoplastic consolidation process of ground with sand drains were discussed.
Numerical results show that the coupling mechanism of primary and secondary consolidation was the main reason for
the increase of excess pore water pressure at the early stage of consolidation. The viscosity of soil and the non-Darcy
characteristics of flow both delayed the overall dissipation of pore water pressure in the sand-drained ground at the
middle-late stage of consolidation. In addition, the consolidation process was accelerated with the increase of the
permeability index at the later stage of consolidation.

Keywords: soil mechanics; saturated soft clay; sand-drained ground; Hansbo’ s flow; elasto-viscoplasticity;

degree of consolidation

WP DR TAR AR, s B S R4 T, 7 SRRSO R 2 BB 48 T AR A L DO AR A I
EAEHT T IR T A BORUTRE I, T e Z I S S5 ML A2, E— 20 58 3% 1 b JF

PEFTTISE AL B | L) st 56 1 [ 4% ok =, HErh s
WKL HE THb [ 25 P36, Barron'"! 1 JE X AD I Ml
B T A RS A [ FR A TR AR 1) i 4
(TR AT, 4 Y 25 I R e R B, W e
(3T 2 S AR /N, 7E G FE RS [, Hansbo 251273 43 51
ST T FHBHAE R X R0 - [ 25 i 52 ). Tang %[476] pa

Y FSEE: 2019 -07 - 18

E£WH: HEAKRPAELE T W H (51578511)
YEBRA: XEE(1968—) , B HiZ, Wi+ S In
BEEE: XEE, zhyliu@ zzu. edu. cn

[ 25 RS TR, Ay A5 380 5 O RS B 1) [ 285 % 27 , Berry
e ] SUSE N P IS IIFNE PSS
B IERV AR ) [ 4507 F , O 45 th g B A 2. R,
IRBTFELS 20 T R - iR A RS TR A AR s P
R, DRI RE T B BRI -5 52 B UL (B A1
BRES:

GERR LR EI 7D U R I & T ol
FOTALTE. Dy T S S e o AL AR [ 25 AL
Taylor %" ¥ S5 R Kelvin #8153 H7 + 1 19 32 4k
25 Gl AR, B R A 2 91 A T Merchant 45



<114 - MR

T

o

A

»
&

PN Eitd 4553 %

Ay
2

I Y Voigt LT A E 0 4 7 E
SEARASTOAF B A T, A T A I S R %
S8, BRI 2. B, X B4 B AT
SR SRR [, A5 2 T 2 S SRR
WL AR I T SRR I PR A F A, o Yin 2 5] A
AR RIS TEZR MR EVP AR f
AU R T A R B 7 F7 — AR — ] G 2R
(S50 =20 MR I SRR ) BERl L, SR I 55—
AL, 1558 T % S 1300 19 95— L (UH)
B RIS LR T — e S5 0, R AR
I8 1 T S 3 45 22 A [ 45 3 7. 10 4, X 2% HE
A2 S J2 5| A Merchant 45578 DY G 44 451 4 ik
T T 30 0 435 ) B, O 4007 T B S 800t
[1 245 3o P2 (VB (L T3S 20 A Sk T 42 b 5
S S AR T P HEA TR A ST

AN, BA R Fe W], B L P B
VO 5K SRR Z M AE AR R R, A BT
Darcy % i, 7k 2 9 AF Darcy 3% . J A IE
Darcy BT A& 9 25 HLET, 244717 43 5151
AFEHBB L BR 7K 186 98 3 . Hansbo 15 7 25 46
FORHGRESH Mo FE A Darcy 983, 3-8 315 Darcy
BT BISE RS L, 4087 AR I 2 00 b S AR LT
ER 1 SuE N0 A T STiy 4 o0 S AR o 1| ¢ 22 )
Terzaghi [F145 B0 16 125 it Biot [ 45 BRiE 19 3L 6 L,
5| A Hansbo B i 45 715 1E, 7081 T Hansbo B ii 5
RO 22 A B 0 D R R 4% 0 A AR R Bk
SCHRIE VA % 18 R Iy - AR B AR R
T J T B0 Y. ) R R L 7E I
[ 55, B % LR HL B/, 1535 2R BCHL R 25 25 1
). Taylor™ B 4EH I T8 5 2B S LB L2 %
F B, 2 AW T R BT S B
B RECBAL I R E P E. W, WA
THETE 7 2500 () [ 45 5 B A S0 (ELR: | 33 S
e I S e 3 R | A UE | 22 oy 1 1 B 2 N
T AH AR, I A RV 0 40 BT 22 4k b R AR B
- R [ 225 o

B, LRI B AN S TR S5 L
(B AP T 25 , 76 20 4 [ 25 590 vh R 2 1 i
AR Darcy $505 1515 225008 fb e R U A8 e i 25
J7 TSI 3R B 0. SR, 78 B R AR A1 R
U515 R B[] 2500 19 UH AS A4 465 %9 il Hansbo 3%
VAR [R5 1835 5 2 B S , T A S A
T HTE [ 225 7 A8, I 40 25 AR 56 2 806 808 £
i 3 [ 235 R ) S M AL

1 MR E R AR 5 =6 7 2
L1 HH-HEXR

TE7% BRI IRVRUNE () UM AR ey PR A 1t
RN

del +de? +dg?, do'=0,
e={ (1)
del +del, do’ <0,
de! =C.do'/[ (1 +e,)c'In 10], (2)
C.-C. M do'
o _ s M
de (1 +ey)In 10 M} o'’ (3)
de =C dt/[ (1 +e,) (t, +1,)In 10].  (4)

A dey M de) IR AR5 do 1R
7 A AR A A R e R R A AR A, de) 3R
7SI TP T A Y BB AR O A e o, D 1y G050 3
IR AL [V FISRAL I R], C, R FEARHEEL, C, Ay [al 3
FRHL, €, ORI ZE 2800, MR M 53 530 A i SFOIR 250
TR AERIA R T 1, H.

M =6sin ¢/(3 —sin @) , (5)
_ X X\ _X

Mf_6[ R(1+R)_R]’ (6)

X=M/12(3 -M), (7)

!

R=2—exp[ = (1 +¢,)&'In 10/(C, -C.) 7,
c0
(8)
(ta+t0)/t0:Ria, (9)
a=(C. -C)/C,. (10)

oo R E R NEEE A R R IS 238G 0 %
N SIE 3T T 425 1 17, 55 S 2% e )25 57 B g 40 300 o
FE 7, S I 11 45 2 B0 08 R, 9 78 8 45 L 1 ]
Blieo MUTIRFLBRLL ;6" = & + & R ¥BPEIRN AR,
1.2 EHAEHES

BEEH R RS R H A B K
TR K, I ELAE B RS T C 442558,
Py AT BT SR R ORI, FE RN v, L B
DX . BT e b 35 3 TR I F bt 40 7 7o %
Do » AR S [ 5 1o o (AR 2 A M i 50
(B T8, RGBT o'y F15 206 B 990 i
FLB L ooy 2B e % r IR 2 4k, 1)
% ¢ (A RORE ) R LI I 7 (LR FIRRFLIE ) 43
SN ' (roz, ) Bl u(r,z,t) B HHEEE N = (v,,0,),
IKIERER = (i, i) BB R AR Darcy $ T
JiI Hansbo 15 RIS i , B

KIE|"(may ™ty - 4, i |<i,,

v =

7] >,

(11)

K[1-iy(m=1)/(mlil)] -7,



55

KB E, 5 FIEAE Darcy & 5 iEDIF b RE SR S 8125 234 - 115 -

N em oy p IR E 1R R 1 O A BUR BRK
BB s K B i R4, ik HUR A Taylor 28560 5¢ R 50k
FAH S LB e BYFR 1D
log K=log K, - (e, —¢)/C,. (12)
Ky I BIHRFLER L eq X I A 46515 375 5280 C,
NE AR, SO 3 R AT
FIEETRNAL o, SFLBRIL e IOCHR, AT
K=K,exp[ = (1 +e,)e,In 10/C,]. (13)
AR T R (1) U R U Darcy
SERERRIEA

v=K'i. (14)
A K'FRI B3 25, B
K‘? '"_'/(mi;"_l), ‘f‘gil’
K' = R B
K[1-iy(m=-1)/(m|i)], [il>i.
(15)
ﬁm:‘Y‘:W;iV:_Laj;i:_]ﬁaﬂ.
r z r ’y“v ar z ’yw az
%18 ARB IS R, T AR
Ge. 14, .
a rar(m')+az' (16)
HRHEA 2500 77 I3, w45
du_ oo au_ oo’ (7
or ar 0z 0z

Ha (1) ((11) L (16) A1(17) BRSr Al 45

Tale ) e ) e e as)

Ky =Ky, A =C/[ (1 +e,) (1, +1,)In 10],

M T %S E R I & R [ 25 R B 2 ALt ], %5

BT A AR PR AR [ 25 R s 8 TR
C.+(C -CH)M'/M}

(l+e)o'In10  ~° o' =0,
B= (19)

C, ,
(1+e,)0'In 10’ do” <0.

AR BI85 25 F B D BT

c'(r,z,0) =0y, r,<r<r_,,0<z<H, (20)
o'(r, ,z,t) =0’y +p,,0<z<H,1 >0,
{ o TPo (21)
o' (r,0,t) =0’y +p,, r,<r<r,,t >0,
oo’ (r,_,z,1
%:0,0@@1,»0,
.
, (22)
a0-<r7’H’t):0,rw$r$r?,t>0.
0z ’

2 FRWMARZE S
TSR A 1 R AL B Oy R AT A L e R
M, A B2 M A TSR . 106 76 1 <7 <

ro WLBRZEATAR I LD Ar Dy 20K N 1] A B R, S
KO B NG5 2 0<z<H W, LZHEEmLL Az
RN BT B BL, RGN0 B Z. [RIINFLL Ar
SR I TR B B[R] XA, 7 R (18) BRI
U',f’fjl = 0"?’.,' + GDer]I (d’f’:ll/Z,jri'Jrl/ZA?;l _l;bf't]l/z,j )
ri'—l/ZB?le ) + 7lf+]l ('nbfﬁlarl/chtl - ’»l’fcl-l/szzl ) + Ei”]l
(23)
o exl RN x AE kAL B Z, 25 (r, +1 Ar,jAz)
ﬂ‘é‘]@, H Afﬂ,l = C’"f’:ll,j - 0"?’31 H BfH,l = C"If’fjl -
o' e = a /(B ) sa = AV (A Y =

k+1 2 k+1 1k +1
az/Bi',/‘ ,a, = At/ (Az) sian, = K i'rl/z,j/')/w;ri,' =

. ! _ . k+1 _ k+1
r, +i'Arsry,,, =1, + (0 il/Z)Ar;Ei,yj = —Ay; At/
k+1 k+1 _  _rk+1 rk+1 k+1 _  _rk+1 rk+1
Bi’,j ;Ci’,j =0 v O §Di’j =0y, TO o

[FI, WIaG 451 (20) , s A6 F (21) F(22) 1Y
BRI
o't =0',i'=0,1,2,-- N;j=0,1,2,--+ 7,
(24)
o'ty =0y +py, i =01, Nik=12,,
{a'g,,.:a'o D0, J=0,1,+ Zsk=1,2 -
(25)
U'/f;/y :U,i',j _90{;«;‘1 (lpﬁ:l]/z,jrwn/z +¢®+-11/2,j :

kE+1 k+1 k+1 kE+1
rN—l/2>B1V',j +EN,j + NN, (‘//N,j+1/2 :

Cszl - l//k\zl—l/zDi/Jr,l ) . (26)
O',fH/I = U'If’,z + §Df+/l (‘pftl}/z,zri’n/zAf’TZl -

l!/i‘f'tll/Z,jri'—l/ZBf'TZl) +E5+Zl - Uf+zl :

(§[’f£',+zl+1/2 +¢f’,+zl-1/2 DZHZI (27)

e, (23) ~ (27) 4 B AT 7 R 2,
AL AT ARATAS T S SO AT, SR A 00
B AR HALRAE. B, S IAFR AL E LRIRb I
i LB [ 25 BE (28 ) |, o 5 2t Hb il ik b R AL
R B8 AT AT D

P Z-1 N-1
| dz [ 2mrudr 24:Y Y sk
U. =1 0 ry -1 j=0i'=0
p = LT H re - T H(rz—rz).
f dzJ 2arp,dr Po e v
0 Ty
(28)
ety =25 )+ { Gl —ady) +

L[uf, - (uf’+1,j —ufyj)r,.r/Ar] }(r?’ﬂ _r?’>-

2
a1 Fortran 2.
3 ki
Sm=1i =0,M=M,C, =0,C =C, A&}

fo“HYa

LRI T T e AR R R e



- 116 - /S NS T A N - ¢

%53 &

(A5 A Darcy 5 H DI b LR M [ 25 [m) . Ry
ETX, 5IA M T EENSEZ =2/H X =1/r,,
U=u/p,, T, = [(,U«% +/\?L)Ch0t]/ri,]\/a =(a'y +
Po)/0,Co =Ky (1 +¢,)0’yIn 10/(y C,), [FIHfH
€, =0.6,C,=0.6,L=0.01,¢,=1.5K, =6.0 x
10 "m/min, o’ =50 kPa,A, = 7/2,u, =0.28,r, =
0.2 m,r,=1.0 m,Ar =0.01 m,H =2 m, Az =
0.01 m,At=0. 1 min, KGR K 1077 X N, =
1,2,4 F18,p, 73 91HL 0,50,150 F1 350 kPa, 443
TSR Z=1,X=2.5 WML U BERFRI R 3R T,
s At Zeos T L, [mIEEL T s BiE BT B
F AT AR T AR — B, 3 i I A S
B A R

1.0

0.8F

0.6

0.4

.« REER
02+
ESY

O 1 1 1
0.001 0.01 0.1 1 10

1 AXHERSREE" MWL (Z=1,X=2.5)
Fig. 1~ Comparison of numerical solution of this paper and
analytical solution of Geng™’ (Z=1,X=2.5)

4 SH M

SRR - B AR ROV AR IR PR MR 3
RBUEACSE N R XD I b e 8 45 AR R, DL
R R #H AT 04, Kb 2803 I o) =
50 kPa,p, = 150 kPa,K, =6. 0 x 10" m/min, y, =
10 kN/m* ,M =0.772,C, =0.6,C, =0. 04, C, =
0.12,C, =0.8,R, =0.75,¢,=1.5,m=1.5,i, =5,
r,=0.05 m,r,=1.0 m,N=50,H =10 m,Z =30,
At =0. 1 min, %EfRIR2EH 1077,
4.1 REHZRH C, MM

P2 45 R [ 4 R0 C 0 B Rp R 7 B Ak fL
JEry 52 m i 2. v] LAE TR AR E g5 00 ) (=
1000 min) ,C, >0 B}, 72 &5 HE K i1 54k i LR #B
1 T HIHAE py =150 kPa, 3X U B B Beisk L6457 & 4b
(LA I HOm 2 THe . JF BRI 45 515 C,
YRGS R GRS BN . Gl 2 (a) FoR, 24
=1 000 min, H C 43%F 0.02,0.04 F10.06 K},

z=5m,r =0.9 m & WL KA 5 58 153, 164,
173 kPa, B R 29I FLE R 1.02,1.09,1. 15 £%.
DR FL T B B AR 6] F 4k ol — 4k Biot [ 454
MU ) Mandel-Cryer ¢ N, B b 48 3 2045 )& F
Terzaghi [& 25 FHiE G4 , X1 ‘ﬁfﬁ%[m 2 R e il
RGN SEPR b — eSS R s B g
Yin 25O A4S - A0 8 TR B T T R
RONE AR ARG AR 3 A v, bl 5 S R HE K T
Ab , AR , FLIBK S BSOS 80T 25
ANHEAKTE AR LT AR08 080N, 3 n] R
Fif TE AR SCHD - 1 S5 [ 25 0 1A X FL R TH =g I 42

(I PR T 2 () W20, 76 [ 45 s B, LR A TH
O R C, B34 R AR5 B B 2218 i, 4R
KR EEERT 7E 2 =5 m,r=0.9 m A AYFLE(E K
12 kPa; 2% [EBEMPEIE, X0 C, % F 0.02,0. 04 F1
0.06, [f]—1v7 B Ab () FLHAE 5351 A 27,47 F176 kPa,
O3 AT BRI 2. 25,3.92 1 6. 33 4. 1R
AH 8., A B A0 B % T Ml R 17 [ 285 3 A

180 -
=1000min __—""__ _ - - - - - - - - -
1502 '/"':."1"_‘3"--’"*‘-'_"'_—"'—_':'_—."_—-'7—-"
120+
<
&
< %t
60 |
301
0 02 0.4 0.6 0.8 1.0
r/m
(a) FLEWRFA A (z=5m)
180
150 [ {4 mren e s nr nrinen e anr s
; =1000 min —(,=0.06
g 1200y - - -C=0.04
=
= 90 + _'—'Ca=0.02
----- C,=0
601 =100 000 min
30 - T TTTTT T T
A R
N sTmmmmmmmeseeeee
0 2 4 6 8 10

z/m
(b) FLEER A4 (r=0.5m)
B2 C3fLIERZE

Fig.2 Influence of C, on excess pore water pressure

P 3 25 AR L 45 AR AL C, I AR RD H i 1
PS5 U B a] ¢ 22 ZR. ol AR 7R AR
S 4501, 5 8RN (C, > 0) Ay Ze#l i 8 1



55

XEBE, 55 HIEE Darcy & i ARDH HSE SRR B PE 125 70 A <117 -

EIHB (S LR H) . 4 e =1 000 min B, 5
C,=0,0.02,0.04,0.06 X7 fitF- 25 [& 45 {553 5
470.080,0.059, —0.016, —0.077. X FHREE +
PRYK 155 R BN K, B P 3 R R AR B T
FLH T A B GE. [RII, 2% Bl i A 18- 45 [ 4%
AR 2 AR AEAN S SRR AL (C, = 0) TR
2eny b5, WA T AR b M B R A
FUFE T BICELA W I R 3 5 A 220 o — 4
AR S5 S M A5 H I 258 — 3K

-0.2¢

10 10° 10 10 106
t/min

3 CEHESEEMNEMN

Fig.3 Influence of C, on average degree of consolidation

4.2 VHBELZESH R,

4 451 T £ =1 000 F1 100 000 min F/>Hf 2]
AN [FI ) 1 A [ 45 28 R IR A Ak B L 43
Mk, FTLLE Y, FE AL [ 45 i fE v, Ry koK (H
A9 U 1 5 2 BRI ), FLUFR R, L2 2 A IR S0
R, I E 4 (b) Hr,e =1 000 min 1, 5 R, it
0.50,0.75 F11.00 XfRi ) z=1 m,r =0.5 m ZbAY£L
JEAH 3545 F 145,160 1 170 kPa. 3 5 5 25
TE— 2R AR 45 T 19 A 4538 — 3, A 4k
Jr 52 0 8 3 5 SR AN TR) B 150 R0 1 45 1 ) AN [
S S I ASTE], BVHE R [ 45 L (s /)
IR EZESE R, ) , 2 FECE S 5 R E 4510 22 P
[F) B A7 Bl /), DT IBR LR ) 3 6.

B S o 0 46 8 [ 45 250 R, Xo) M 56 - 35 [ 25
JE U sz ith4e. 5103 260, 181 5 R0, -1 [ 45
JEE B S 1) -3 A8 120 T4 R TS A [ 25 i3, [ 45
AR TN, BB 2058 e/ ME, HREE R, (13
K, 45 BE WIS B R B . i, 4 ¢ = 1 000 min,
R, =0.50,0.75,1.00 i}, X 1 ft) - 2 [ 2% 5 i 53 5]
$70.072, -0.016, —0.070. )& 5 Ak F , R, HL
H/N, U -t 2B SE 4T 07, AT WD 46 [ 45 2
B R B/ (BRI 46 8 [ 25 R B AR ), BEAARAL R I %
b, 33 F AL S A O X — [ 4 43 M A
5B AH (]

175 ¢

150

125+

100

u/kPa

75

50

251

0 0.2 0.4 0.6 0.8 1.0
r’/m

175 ¢

150 -

125}/ t=1 000 min

100 Hf

u/kPa

75 H

50

25 i

z/m

(b) fLEHRESA (r=0.5m)
B4 R XHFLERIRME

Fig.4 Influence of R, on excess pore water pressure
-0.2
0 =

0.2F

0.6 |

0.8

1.0 . . A
10? 10° 10* 10° 10°
t/min

E5 R, EHELEMNZR

Fig.5 Influence of R, on average degree of consolidation

4.3 EHEiEH C.HIRNT

RO BT s i 8 C % [ 25 R iy 2 i, 151 6 25
T IRESEREC, =0 F1 C, =0.04 BiFRELL T, C,
S3H0.6,0.8 Fl 1.0 B, BAReak B Z0 L w 1Y
oAk, AT Y, AN 25 18 AR P I, £
AL R, Fe g4 B C /Iy (BRI A f) s 4
AR, FL s T BOBBCPR. 100 25 % B B Wk (C, =
0.04) B, 7E[E 45 B AT Y] (¢ = 1 000 min ) , 378 &5 fF 7K
TAT DR T 340 L N, T 40 45 5 C /s (BRI B (A Y T
A PERSUR) , FLIS(E B T , RV 2 8 /R 2500 i ]



- 118 - /S NS T A N - ¢

553 &

5.4, AE 6(a) 1 €, =0.04,¢=1 000 min A
FLEA AT IR AT AR #E 2=5 m,r=0.9 m &b, 55
C.=0.6,0.8 Al 1.0 X 57 f)FLH A8 4351 4 164,159
A1 155 kPa, #48] I KFRI4GFLEAE, i C, =0 B, 5
AT 46 8 06T I 1 ] — st 220 ] — o7 8 Ak B9 F LA
2y 150 kPa. 53X 5 i 20 S0 47 TR 46 5 B0 +
A — o ] 235 B M ST (14 45 SR 2.

C=0.048f —C=0.6 - - C=0.8 —-—C~1.0
1801 c=onf  ----- C=06 - - - - C=0.8 ~-C=1.0
150
120
[+
(=¥
< 90F
S
60|
30F
0
r/m
(a) FLEWBRASM (z=5m)
180 _Cu=0.04E‘.f —C=0.6 - - C=0.8 ——C~=1.0
Cﬂ:()ﬂ\]L ..... C=0.6 - - - -C=0.8 - C=1.0
1 50 B R A N i
t=1 000 min
120F F
& j ;
< %0 c10000min
/'/.
60 T s s
30 ..
0 2 4 6 8 10
z/m

(b) FLEWHEMSA (r=0.5m)
Eo6 CFLIERIZNT

Fig.6 Influence of C_ on excess pore water pressure

7 R T R4 2 €% s B - [ 25 U
BE [E) AP 2. AT LA Y, A 25 i R AR b i
(C, =0) I, g — I 220 11 - 42 ] 205 1 0 B 4 1 4 4
B0 CRYIEIMTI/1 , BIV S 45 P AT, 3t 25 v AL Y
BRI OB T 25 25 [ R AN (C, = 0. 04) i,
JUZR TR 2 R 52 ARG B AE [#] 45 i 389 (0 7 141 7
HAZ R ZE) | [ 45 R AT R (L, EL IR 40 48 B0B
R, HFER R[] 25 BEBOR. 255 1 6 nT LAE i, 24
LRI PR AR, 525 5 A i rh AR L A
PRI B IR AN 5 T 75 81 45 7 I 3 (X2 18T 7w s
ML) V-2 I 45 R I 4 45 RO A S
C, =0 BFHAE]. [, B 7 0] L H AR ] 4 4
B, 75 18 AR 1 5 3R] — (1 45 B2 75 2 A
LSS

0.6

081 _ _.c=0 (RZREmM)

1.0 : :
10? 10° 104
t/min

B7 C3FEHELEEHRM

Fig.7 Influence of C_ on average degree of consolidation

4.4 [EEIEH C.HF

25 B2 RIS KR C X TR TR G - b R I A [
LR B8 5 T z2=5 m B r=0.5 m &b
AN ISR EL C B LR A 48 v LR Y,
SR IR C 1 A8 A X 90 0 LR T A — o (5
ey, {H 5 R [E 45 R AR C, W0 05 4 [ 45 280 R, 7T 4
B CH I A RE. B, | 8(b) =
1 000 min, Bt C, =0.06,0.12,0.30 B}, X% 2 =8 m,
r=0.5 m ZbOFLIE 450k 160,161,164 kPa, F2%
AIFFAK.

175 ¢

150

125 ¢

100

u/kPa

5t

50

T
251 = =100 000 min

0 0.2 0.4 0.6 0.8 1.0
r/m
(a) FLEWRZR S (z=5m)
175 ¢

G e e e e e

150 |
— =030

- —-C=0.12
—-=-C=0.06

125/ =1 000 min

100 |

u/kPa

75 H

50

25 == =100 000 min

0 2 4 3 g 10
z/m

(b) FLEHBEEHH (r=0.5m)

B8 CF7LIERIEMm

Fig.8 Influence of C_ on excess pore water pressure



55

XEBE, 55 HIEE Darcy & i ARDH HSE SRR B PE 125 70 A - 119 -

O 45t T AN IR o] #48 K €Ik A 1 27 [ 45 12
I 1] B2 A il 2. AR B ., AR fp e S 18 S 2k
L0, BRI AR [ 25 9400, Bl (o] 3 a4 C R3Sk, -F
g 1] 45 B il IN A B R A L A B S ] P A [ 45 P
37, 1 B ) [ 45 J58 Fir 5 A 8] Biti 5 (] 58045 200 49 K
LSRN, 33 55 220 A — 2k 3 25 43 Br it
T3 BISEIE AL, B e s HOBOR , b ARl P A2 i i
PEASTE 8 53 AR A8 K, 06 3 1 £ (1 75t [] 285 1 [)
TR

021

0.6

—-=-C0.06

0.8

1.0 L L L
10? 10° 10* 10° 10°
t/min

B9 C 3 EHELEERII

Fig.9 Influence of C, on average degree of consolidation

XU 3,5,7 F19 AT LAE Y, % R RSN Y
UH A a5 3 v 25 068 [ 245 18 A8 1) 52 e 72 B2 A T
AN[E). ARBA S AR AR SO I S EGE FT N, A EV E
SEFRHC, W RS S 5 R MIESR T84 C,, 10l 3
B EI C X [ 485 B (%) 5 M AF G255
4.5 BEREH C.HF

SRV S A [ 25 R P B B AR L C,
2R, B 10 251 7RI C L B 43 A it k. w]
PIEH 6 =1 000 min i}, %} €, =0.48,0.60,0. 80
A JLAR I ZR 22 A K, R i FE B 10 (b) Hr JL-F- 5
B, fFz=1m,r=0.5 m b, XA C L
JEAE S 5128 160,161,161 kPa. 1] U, , fL Fe B 3 H 1
THRFLE, A SErmTieny UH AL S4 C, (R,
1 CAHLL , BB 2L C, ST [5 257 12 & R
AN A R PO ESECR

BT ik 78 B FR % C KD b - 12 [ 45
JER Rz AT LA EE 5 e W, B B S AR K
C VRN [a)— ) 2 1 SF- Y [T 45 B U i/, 2B
b BB C W T8 ZR A K X [ 45 3 A2 AL
B L AR R I SRR . AR S R rp , B A R
B, B AARARTF B S, LR LIS, 1838 RIS
1M H. A NS BT C RN (12) T J0 L, B8 &
ORISR 2 T BORE AR AL R I HICE R 2212 )
.24 C B 0.48,0.60,0. 80 B, X [ -4 [ 45 B 34

2 90% Fr 7 BF [A] 43 W1 & 189 700, 292 600,
460 400 min. X — & 5 2RI 15 I Y 458 — 3
N R BER B BT, B L RO S, &
H B B RBEAR, B, 5 R AL TR
B IS bR 0 [ [0 45 B g s i) A B o T AL
TEAS T ML RN AR - B [ 45 BEFR IR, 137 24 2% 18 5 &
RS 75 225 A T 7 . 4 22 5

175 ¢

150

125 ¢

100 |

u/kPa

751

50

251 (/ =100 000 min

0 0.2 0.4 0.6 0.8 1.0
N r’m
(a) LEWRER AR (z=5m)
175 ¢

150 1 — C=0.80

- = - (,=0.60
—-—- G=0.48

125 t=1 000 min

100 |

u/kPa

st e T

50

25 L7 =100 000 min

0 2 4 3 8 10
z/m

(b) FLEERMAA (r=0.5m)

B 10 C 3TFLIERIR M

Fig. 10 Influence of C, on excess pore water pressure

021

‘I.O 1 1 1
102 103 104 10° 108
t/min
E11 C X FHELEERFM
Fig. 11 Influence of C, on average degree of consolidation

4.6 Hansbo BRmSE m i, G
434 Hansbo 1 i 455 750 X6t [ 4% f) 52 ), &) 12,
13 535 T AR m 5% 0, LR oA it 2. — &



- 120 - /S NS T A N - ¢

553 &

W, Hansbo 123 X6F 145 7] 191 1) 288 2 A /R 200 A 5%
ey , AL AN ik {54, 1] 12(b) A1, =1 000 min B,
z=1m,r=0.5m#ib,5m=1.0,1.2,1.5 Ff1 1.8 X}
o7 (L EABL A 314 160,160,161 1161 kPa. X1 F
245000 3 36} 2% 1 Hansbo 98 Wi B R TR 19 70 Mo
JE [ 25 ARG AT, AT R I 2 IR B
I, S5 TR T 3 R E SR A AR TE ML X b
SERIFRA SRR AT, 2R S PR AON R
A0 R0 2087 = R T 2R L 5 RS Y.

K 12,13 FB, ZE 45 58 (¢ =100 000 min)
B, IR B O R LR E 2 S L, Hom
B o BRI, ] —137 Ak AL B, RIVFLR 3 R
2. g, 13(a) ¥ ,2=5 m,r =0.9 m,7E Darcy &
WA () =0 i) AR A FLIAE A 33 kPa, 24 i) HL
5,10 i1 15 ), %F ) Hansbo 2 Jiifsi =0 T8 Y 45
439k 47,58 i1 67 kPa, K2435 & Darcy B F
FLIERY 1.42,1.76 F12.03 %, 7] W, Hansbo 35 i ZE
2T ML AL ) T R g L PR R B A [ 45 e (]
FIER B R ] AR PN L AT I T 8, 7K 086
HA AR /N T BB AR IR TR BE 4, B,
BUEREE N, HF% Hansbo 3 i S50 K,
B EE /N LB KR Zy HE s, B L, LR T K
UESESL R

175
150
DarcyiZ it
125 | t=1 000 min =l
——-m=1.5
g wr 4,
=
575 F
50 | emmmmmmnIIIIIIINC
25 F
0 0.2 0.4 0.6 0.8 1.0
r/m
() FLEWERASA (z=5m)
175
150 | .
DarcyiZ it
125 1 [ =1 000 min - - -m=12
© ——m=15
gwor m=1.8
B
75 1
=100 000 min
sofg
25 x/’;‘;’-: —
V"/
0 2 4 6 8 10

z/m

(b) FLEERM A (r=0.5m)
E12 mEXNFLIENSIE

Fig. 12 Influence of m on excess pore water pressure

175 ¢
150 r DarcyZ it
125 | T f1=5

t=1 000 min

s 100t /L .
=
=75t L
50 f et
25 | '
t=100 000 min
0 0.2 0.4 0.6 0.8 1.0
r/m
(a) LEWER A (z=5m)
175
150 1 DarcyiZ it
125 F [ 1000 min e
== =0
gwoopl i=15
575t
50 ,,-";‘_:'.'_'."_’.':.:'.'_':'_'."_"."_’.'L'.'_"
,j'/;/, ----"-"—- - -"-"-"=-"-"=-"-"-
25| L )
A =100 000 min
0 2 4 6 8 10

z/m

(b) FUEEE M4 (r=0.5m)
B 13 i EXFLEARIE

Fig. 13 Influence of i, on excess pore water pressure

[, SR UH &8 ZH0R 07 B 2R
&, 12,13 rhofL U8 ) o3 A i 2 3R 0, e —
FERPE S , FLH 1 6 ) BE AR 724k, H Hansbo &
TSEER , FLEASAS AR A0 B . 315 I A
BRI S, 7K TR BE 0 5 1] 23 B AR N 8 i 1Y
) i AR/, PR, 6 T JER B AR B 10 - b R
% 8 AR FE U FIEE Darcy B B2 B o B2
HE K&

K14 25t m 50 IO [R) BRI P24 151 45 2 Fil
IRl AE A £, AT LR Y, 7R 22 [ 45 v 5 1, 4%
Hansbo 2 Jii 455 271 550 A4 ~F- 24 [ 25 188 il 2 3 75 4%
Darcy B 2T 0 07, B kb S (9 [51 45 L 2 T
Darcy & BT 2%, I HiX — M4 W% Hansbo
B SEUHG M AL A3 5 R B . X 3R A S bR
AR EZ 53 B 2 1 B AR Darcy 5P 4
BEVE A PR i A a0 o R [ 285 0 R 2. X 5 Sk
[27 =30 ] &2l



KB E, 5 FIEAE Darcy & 5 iEDIF b RE SR S 8125 234

- 121 -

DarcyiZ it
06T - --m=12
—-—-m=1.5
08F —oeen m=1.8
1.0 * :
102 103 10* 10° 10¢
t/min
Ca) mxX P35 [E 45 BE 1) 5% )
-0.2 -
0

0.2

D04
DarcyiBii
0.6F - —-i=5
— =i =10
08f ..... i=15
1.0 . .
102 103 104 10° 10°

(b) i S 259 ] 45 B 1) S e
[# 14 Hansbo &7 X} F 1 E 4 FE R 2200

Fig. 14  Influence of Hansbo’ s flow on average degree of
consolidation
5 % %

1) S50 B FLHE S TR 4 (R 2l
RN ) 32 ph AR A 86 2007 8 VK 1 S5 08 5 L
il 5 1. BER UK 45 R 5L C, MW in 25 S50 R,
OB/ NEAR TSR C AR iR IR A AR A5 B &, {1
HASEO PL G 152 M 3855

2) UH FE7 Z B A8 1 %ot 0 H il e ] 435 1o P2 4
AR B ) 5 ). B W [ 538 8 C, ) I R ]
ZESHU Ry FESAHEHL C A S80S R b I st i)
L5818 . 55X oA S B L, Rl s 4 CL A8 fk
o | 4 [ 485 B AR Al A /N

3) BIBEFEE C X0 H- Hi 3 [ 25 0 A5 A 5 i £
BRI P S, FLIZ S 50800, FL R T WO
T - e e ] 235 o e 1

4) Y Darcy B3 # Lt , Hansbo & Jii fifi 150 -
L[ 257548 . [R5 2% & Hansbo 38 i 1 4 {4 2 5 14
i, WP K B LAAR [R3B 3 o0 . I,
L AB A EIR PO H: 35 [ 25 E AR () 52 ).

2% ik

[1]BARRON R A. Consolidation of fine grained soils by drains wells
[J]. Transactions of ASCE, 1948, 113; 718

[2]HANSBO S, JAMIOLKOWSKI M, KOK L. Consolidation by vertical
drains[ J]. Géotechique, 1981, 31 (1) . 45. DOI.10. 1680/ geot.
1981.31.1.45
[3IEMGFR. HEE I ik (], & L TR,
1982, 4(3) . 43
WANG Yisun. Discounted well-diameter method to take the effect of
drain well resistance into consideration [ J ]. Chinese Journal of
Geotechnical Engineering, 1982, 4(3) . 43
[4] TANG Xiaowu, ONITSUKA K. Consolidation by vertical drains
under time-dependent loading [ J ]. International Journal for
Numerical and Analytical Methods in Geomechanics, 2000, 24(9) .
739. DOI.10. 1002/1096 - 9853 (20000810 )24 .9 <739. . AID -
NAGY94 >3.0.C0O;2 -B
(S TPREAN, W B, SR8 50 R B0 I b B o 45 A i i [ 0]
A TREAR, 1989, 11(2): 3
XIE Kanghe, ZENG Guoxi. Consolidation theories for drain wells
under equal strain condition[ J]. Chinese Journal of Geotechnical
Engineering, 1989, 11(2): 3
(O VITRRAN, ek, 347, 45, 25 B X ELSBAR A9 % 1) HEK T
L gE )], At ek, 2011, 32(10) ; 2944
XIE Kanghe, YU Kun, TONG Lei, et al. Analytical solution for
consolidation by vertical drains considering actual shape of influence
zone[ J]. Rock and Soil Mechanics, 2011, 32(10): 2944. DOI.
10.3969/]. issn. 1000 —7598.2011. 10. 009
[7]BERRY P L, WILKNSON W B. The radial consolidation of clay
soils[ J]. Géotechnique, 1969, 19(2); 253. DOI;10. 1680/ geot.
1969.19.2.253
[8 JINDRARATNA B, RUJIKIATKAMJORN C, SATHANANTHAN L.
Radial consolidation of clay using compressibility indices and varying
horizontal permeability[ J]. Canadian Geotechnical Journal, 2005,
42. 1330. DOI:10.1139/t05 - 052
(9138, wihefn, yugi, . EHXE=STEE FRIFELNAE
LNESS AR T]. PR R (AR RR) , 2018, 49
(2): 384
GUO Xiao, XIE Kanghe, LU Mengmeng, et al. Nonlinear analytical
solution for consolidation of vertical drains by straight-line vacuum
preloading method[ J]. Journal of Central South University ( Science
and Technology) , 2018, 49(2) . 384
(IO BEe, ki, RRw, % HLARELS[T]. AL TRY
iz, 2003, 25(5) ; 521
YIN Zongze, ZHANG Haibo, ZHU Jungao, et al. Secondary
consolidation of soft soils [ J]. Chinese Journal of Geotechnical
Engineering, 2003, 25(5): 521. DOI: 10. 3321/j. issn: 1000 —
4548.2003. 05. 001

(UL ]P0, SRR, BRARdz. 25 B i A8 e A0 g B s g —
Hef g 5B ()], KRR, 2013, 44(1): 18
LI Xibin, XIE Kanghe, CHEN Fuquan. One dimensional
consolidation and permeability tests considering stress history and
rheological characteristic of soft soils [ J ]. Journal of Hydraulic
Engineering, 2013, 44 (1), 18. DOI: 10. 3969/j. issn. 0559 —
9350.2013.01. 005

[12]FENG Weigiang, LALIT B, YIN Zhenyu, et al. Long-term non-
linear creep and swelling behavior of Hong Kong marine deposits in
oedometer condition[ J]. Computers and Geotechnics, 2017, 84
1. DOI:10.1016/j. compgeo. 2016. 11. 009

[13]TAYLOR D W, MERCHANT W. A theory of clay consolidation
accounting for secondary compression [ J]. Journal of Mathematics
and Physics, 1940, 19 ( 1/2/3/4 ). 167. DOI. 10. 1002/
sapm1940191167

[14]LO K Y. Secondary compression of clay[ J]. Journal of the Soil
Mechanics and Foundations Division, 1961, 87(4) : 61



<122 /S NS T A N - ¢

553 &

(1S TBAZENA. T S Voigt BRI 87K b A — 4 [ 25 B K H R
ML EART AR, 1989, 11(5): 78
ZHAO Weibing. One-dimensional soil consolidation theory of
saturated soil based on generalized Voigt model and its application
[J]. Chinese Journal of Geotechnical Engineering, 1989, 11(5) :
78

(16X E, Mok, FETHr500r Kelvin ALt ARG + — 2k 7 A8 [
gEair[I]. E 1%, 2017, 38(12) : 3680
LIU Zhongyu, YANG Qiang.
consolidation analysis of saturated clay using fractional order
Kelvin’s model [ J]. Rock and Soil Mechanics, 2017, 38 (12):
3680. DOI:10.16285/j. rsm.2017. 12. 036

(171X %, EEMERE, AR5 2, 45 JET Ak 4 £08 w0 8
Merchant R — 4 i A2 B 25 73 BT [ 1], A 1%, 2019, 40
(6):1
LIU Zhongyu, CUI Penglu, ZHENG Zhanlei, et al. Analysis of

one-dimensional rheological consolidation with non-Darcy flow

One-dimensional  rheological

described by non-Newtonian index and fractional-order Merchant’ s
model[ J]. Rock and Soil Mechanics, 2019, 40(6) : 1. DOI.10.
16285/j. rsm. 2018. 1085
[18] YIN J H, GRAHAM J. Viscous-elastic-plastic modelling of one-
dimensional time-dependent behaviour of clays [ J].
Geotechnical Journal, 1989, 26(2) : 199
[19] YAO Yangping, KONG Lingming, HU Jing. An elastic-viscous-
plastic model for overconsolidated clays [ J ]. Science China
Technological Sciences, 2013, 56(2) ; 441. DOI.;10. 1007/s11431 -012 —
5108 -y
(20 1 &, WRAMAF-. & T 2 i (] 200 UH LAY 1) — £ [&] 25 73 My
L] AU iR 72740, 2015, 41(8) 1492
HU Jing, YAO Yangping. 1D-consolidation analysis based on UH

Canadian

model considering time effect[ J]. Journal of Beijing University of
Aeronautics and Astronautics, 2015, 41 (8) . 1492. DOI. 10.
13700/j. bh. 1001 —-5965.2014. 0583

(20 JXUXERE, SPRER, WERROT, 5. B ) HEAK O s b 550 2 151 265 A
g ()], BARTREH, 1998, 31(1): 10
LIU Xingwang, XIE Kanghe, PAN Qiuyuan, et al. Viscoelastical
consolidation theories of soils with vertical drain wells[ J]. China
Civil Engineering Journal, 1998, 31(1): 10. DOI;10. 15951/j.
tmgexb. 1998.01. 002

(22] EFmdF, HIERAL AR S 1 HEAK -l SRS 3 (3 45 TR i
Pri#[J]. AT 4, 2001, 34(6): 93
WANG Ruichun, XIE Kanghe. Analytical solutions for viscoelastic
consolidation by vertical drains time-dependent loading[ J]. China
Civil Engineering Journal, 2001, 34 (6): 93. DOI. 10. 3321/j.
issn: 1000 - 131X.2001.06.018

(23] kA, X540, BLaEE. WO IF AL 32 U ImT &5 BRSSP 204
[J]. /KiZ T2, 2003(8): 20
ZHANG Yingchun, LIU Jifu, WEI Jinxia. Visco-elastic analysis of
the degrees of primary consolidation & secondary consolidation of
sand-drained foundation[ J]. Port & Waterway Engineering, 2003
(8):20. DOI.10.3969/]. issn. 1002 —4972.2003. 08. 009

[24 ] HANSBO S. Consolidation of clay, with special reference to
influence of vertical sand drain[ C]//Swedish Geotechnical Institute
Proceedings No. 18. Stockholm: Swedish Geotechnical Institute,
1960: 45

[25] DENG Yinger, XIE Heping, HUANG Runqiu. Law of nonlinear
flow in saturated clays and radial consolidation [ J ]. Applied
Mathematics and Mechanics, 2007, 28 (11) ; 1427. DOI;10. 1007/
s10483 =007 - 1102 -7

(26 ] 9hi 2o, R4, SRR ARATEL L AR A V6 558 R 0 0 5T
[J]. FBHIRF 4l (T2 , 2010, 31(6) « 31

SUN Liyun, YUE Jinchao, ZHANG Jie. Experimental study on
non-Darcy permeability characteristics of saturated clays [ J ].
Journal of Zhengzhou University ( Engineering Science) , 2010, 31
(6):31. DOI;10.3969/]. issn. 1671 —6833.2010. 06. 008

[27]WALKER R, INDRARATNA B, RUJIKIATKAMJORN C. Vertical
drain consolidation with non-Darcy flow and void-ratio-dependent
compressibility and permeability [ J ]. Géotechnique, 2012, 62
(11): 985. DOI;10. 1680/ geot. 10. P. 084

[28 ]GUO Xiao, XIE Kanghe, DENG Yuebao, et al. Consolidation by
prefabricated vertical drains with a threshold gradient [ J ].
Mathematical Problems in Engineering, 2014, 2014 ; 410390. DOI.
10.1155/2014/410390

[29JHANSBO S. Consolidation equation valid for both Darcian and non-
Darcian flow [ J]. Géotechnique, 2001, 51 (1) 51. DOI; 10.
1680/ geot. 51.1.51.39357

[30 )X %, #EFH. & F Hansbo & i 1 B AR RS I My 3 [ 25 43 Mr
[J]. AT, 2015, 37(5): 792
LIU Zhongyu, JIAO Yang. Consolidation of ground with ideal sand
drains based on Hansbo’ s flow [ J ].
Geotechnical Engineering, 2015, 37 (5): 792. DOI. 10. 11779/
CJGE201505004

[31IXE %, K50, A&, 5. %IE Hansbo B — 4 Biot
SSAIRITar)]. H L%, 2018, 39(12) : 4617
LIU Zhongyu, ZHANG Jiachao, ZHENG Zhanlei, et al. Finite
element analysis of two-dimensional Biot’ s consolidation with
Hansbo’ s flow[ J]. Rock and Soil Mechanics, 2018, 39 (12):
4617. DOI:10. 16285/j. rsm. 2017. 0892

[32]TAYLOR D W. Fundamentals of soil mechanics[ M]. New York:
John Wiley & Sons Inc, 1948

[33]MESRI G, OLSON R E. Mechanisms controlling the permeability of
clays[ J]. Clays and Clay Minerals, 1971, 19(3) . 151. DOI.10.
1346/ ccmn. 1971. 0190303

(34195 EH0, pvnte. WHF LB &R RL)]. AL TR
4%, 2012, 34(2) . 268
JIANG Yukun, SUN Ruhua. Experimental study on permeability of

Chinese Journal of

deep clay[ J]. Chinese Journal of Geotechnical Engineering, 2012,
34(2) . 268

[35]MESRI G, ROKHSAR A. Consolidation of normally consolidated
clay[J]. Journal of the Soil Mechanics and Foundations Division,
1974, 100(GT8) ; 889

[361Z=HI, k@, HIK, 55 BRI 5L B ERECT W RE
JERZE 3 HTLI]. R (B ARBLERR) , 2016, 47(3)
977
LI Gang, ZHANG Jinli, YANG Qing, et al. Analysis of large-strain
consolidation with non-Darcy flow and variable permeability
coefficient[ J]. Journal of Central South University ( Science and
Technology ) , 2016, 47(3) : 977. DOI:10. 11817/j. issn. 1672 —
7207.2016.03.034

[37]HkE £ EAAM NHMS L2 W S50 Hr [ D], Ul ¥R
VL R2f, 2008
GENG Xueyu. Multi-dimensional consolidation of soft soils under
complicated conditions[ D]. Hangzhou: Zhejiang University, 2008

[38IXAT, TR5H, PR, 5. BT o BB — 4k
ARE ST T]. RS R (A RBIEM) , 2019, 47(5)
640
LIU Zhongyu, ZHANG Jiachao, XIA Yangyang, et al. One-
dimensional rheological consolidation analysis of saturated soft clay
based on piecewise-linear model[ J]. Journal of Tongji University
(Natural Science) , 2019, 47 (5): 640. DOI. 10. 11908/j. issn.
0253 -374x.2019.05. 007

(mE x #)



