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Consolidation Solution for Sand-drained Ground with Impeded Boundaries Under Vacuum Preloading
HU Yayuan
(Research Center of Coastal and Urban Geotechnical Eng.,Zhejiang Univ.,Hangzhou 310058,China)
Abstract: Since the cushion generally exists on the top and a substratum below the bottom of sand-drained ground,impeded boundaries were used
to describe its effect on consolidation process of sand-drained ground.Assuming that ground deformation satisfies the condition of equal vertical
strain and considering the radial variation of horizontal permeability coefficient,consolidation theory was established for sand-drained ground with
top and bottom impeded boundaries under vacuum preloading.The series analytical solutions of consolidation degree and settlement were
achieved by the separated variable method.The effect of the pervious coefficient of top boundary,the pervious coefficient of bottom boundary,the
well resistance and the radial distribution feature of permeability coefficient on the consolidation degree and settlement of sand-drained ground
were analyzed.The researches show that the final negative pore pressure and the effective stress exhibit a decrease with increasing depth of
ground.When the other conditions are same,the ground with big bottom pervious coefficient has big consolidation degree,while it has small final
settlement and the consolidation settlement at same radial consolidation time factor.When the bottom boundary of ground is impervious,the final
settlement of ground hardlychange with the top pervious coefficient,but when the bottom boundary of ground is impeded or completely per-
meable,the final settlement increases with top pervious coefficient. The ground with big top pervious coefficient has big consolidation degree and
consolidation settlement at the same radial consolidation time factor.Resistance of sand drain neither affect the final vertical distribution features
of negative pressure,nor change the magnitude of the final settlement,while the resistance of sand drain can significantly decreases the consolida-
tion degree of sand-drained ground and extends the finish time of consolidation.The radial distribution mode of permeability coefficient affects the

consolidation degree of sand-drained ground.The consolidation degree of mode 1 is the biggest,mode 2 is the smallest,and mode 3 falls between
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mode 1 and mode 2.The effect laws of impeded boundary on the consolidation process of sand-drained ground under vacuum preloading are obvi-

ously different from those under surcharged preloading.

Key words: sand-drained ground;vacuum preloading;impeded boundary;consolidation settlement;analytical theory of consolidation

R FH L2 HE K T 25 i (351 by 35 S i b B )
W5k 2 —, AR A 8K 1 TR 45 3] ok il 22 1
7 POV Sy B e S LA HE K T R b £
TREEE, F 25 L ZRAMITIEN B2 F T
T0 5 14 9 45 3ok PR A TR AR ST 7 s B U e g
JE s U g op pg b I [ 25 B8, 3045 T b M A
FE U 1 LB 2023 T AT % o Indraratna 5 (2% & T
U - HE A AR P 23 B I TR T [ ) P S D, 1 2
Hansbo! b J5: [#1 25 146, K15 T 2 % B R0 L 72
I 95355 4% 18 10 [0 5 ST At 32 0 PI30A5 T L2 i
W T [0 735 st - 5 1 [ 20 A T iR 2505 S 0 U7k
1597 25 JBIK V-] 18 155 2R AL b4 1) A8 Ak S B 25 i Bl TR
FE AR AL B D H- 3 I [ 45 B N =X 7 L B b,
I HERD - A BE TR A B p% 58 4B K B, T EbNZ
Qb B R AR Sk Al B A 5 0 A (5 A R g Ak U i
(B O0) AR RS I b RE SR T A, b2 (g )
HEACHR ) 12 KM R BLAR o R B2 B A — g K
BF, K L2 oA B K i A A e i K B A
T HEZE TSI b 3 A0 [ 25 R B BT E BUSCh E
BT R 2 gt A I TR IR A T
e K 1 TR 14 [ 5 R R S E R SRR
TN K 3 O R A A e b S [ 28 R M 1 5
P2t i AU O s e TV R 5 T 2 K i Sk
W28 b e | OUZ 13 S 5 R B 35 1 455 e ke
4 52 0] 5 455 T 2 U8R T o 0 B 780 43 A 45 4
P - B HE 28 T [ 45 4 (BN T B A TR R
S 11T A 7K 300 X U UK (8143
P 5 i) 5 2 R AR ], DR e B TR R 5 i e £ T
FER A, DA SCHRAE 1% 77 T A AE 5T AR o SE B
b, T S TR 51 R AR LB K R T 5 A
A ECAF A IE 7 22 00, B0 H 00 B 38 KRR PR X S
FA) 5% i) 55 3 28 T AR FU AR AR B R R [R], PR e A
TR B K B B A T 1) 2k A (8 455 B AT
Wt S SIS — H Y, B A 2 0 8 4
PRS- 1) 8 85 Z B Rt A2 1) A8 4k, 32 FH AR G000 7
W R B T VR RS R A A 2B K B B
25 10U A e 1 356 1) 1 65 i B A 285, 1 O ) R L2 T
P R LS P T TR S I Y ) AR TR AE TR A
35 7K

1 FRTFRMG TRIBELE R R

1.1 E%5#E
fb I b 3 PR [ 25 155 T P A P LR

FAFLE -u,

bIddll

L kLR

E1 ®HESFELTEEE

Fig.1 Analytical sketch of consolidation for unit cell in
sand-drained ground

I, 2 1) Bkl A b, R BERL, 5o
KEEERE, r, W HEAR, d EPIEEAR, r DI
M X AR, doN D X H AR, v, WK,
—u MAEFITERD I s 3 - 3 0 S FL B 1 o B SR
i R 35 [ 235 ) Ry A S AR M K

1) %5 0 AR A8 5 BT o b 3 AT B i) A8 FE 1T G
AR TE , Rl — R B 1A B — A B8 ) AR TR AR A

2) 5 RN 7 JECER RST o R A 8 B A S B
TR AR PAPEA AR, M I R 4 B i W E, o

3) 3RV E BN ST o T B 9B 5 Rk AP IR R
B8 15 2 5k, R B, KOF 38 8 R BOR 72 ) 2
K f(r) 28 A4k o o s & o SR A B KO )8 B R AL
FyREIEREL, ROrb It T3 K 1613805 R 5000
SEA, B AR AR PRER

4) = DX PR A28 6 i [ 465 ] A ) BBk R AR
Tia] [ 235 1) oy O, 38078 1) [ 45 Bh &, RO 27 5 75 JB AR
U [i1] P4 B 1 445 25 4% Carrillo B2 18 A J7 VT8

SEGER M3 P R E K A, +
RIS UE S SUR

auz _ RU
62 z:H__H(uz+u0) (1)
SHSUR IS S LR
(9142 _ R]_
82 2=0 h H U ( 2 )




34 TR SHOR

o ol 4 X B [ 45 LR s Ry IR 3
51 Sk A DX TR RS 75 7K R4, 2Ry = Ry = ooflf
BEKNFE, MR, = ORI A A B KT

DI DX IR A 3 A 2

al'tw _ RWU

EFH— H(MW+M0) (3)
Ouy, R
- = —— 4
0z =0 H th ( )

s wy NP IEHRKAR A B FLIE 5 Ry IR 5350 10
F TR R A 103 K R AL, YRy = Ry = ol Ry i
KIBFL, MRy = OWIEHR A K I T
6 BETEr = r AL T AR 18] AN K 1 5, AR AR
ARRES) A :
ou,
or |rer,
2, w, Ry DR 25 AR o) [ 25 19 L
7B P I L T AR ) 9 A8 A AT 2B AN T
1 — TR A0 b ) BRI 855 T B A
WO IF B, e S IS i sy o,

azuw _ 2khf(rw) 81/!,
P kyry (6)

8 ) B 4= X AED i 0 iR LAl
T4)E:

=0 (5)

or l,=,

uz|r=0 = 0 ( 7 )

urlt:() = O ( 8 )

HRIGET) ~ 8), B FEISE [ [ 25 ) [ 457 e

0g,, 1 Ou,

—_— 9
ot E, Ot (9)
k, *u, Oe,

_v - 1
Yy 0 ot (10)

U, &, AT JE e 0] [ 45 I AR IR FR B 22, By
LKL PRGSO S R A ) 11 45 o 1 45 0 R .
agvz _ 1 612,

=—— 11
ot E, ot (11)

10 k) GO
ror- vy rar ot

JCEP £ WAL TG AR 1] 181 245 I AR B AR 22 5 1,y
et AL, A fﬁ?@

j 2nru,dr (13)

(12)

i, = 1t(r2—r2
1.2 FiEkiR
12,1 %@ B rAey L
A F a0 1) AR UG A 1., i Ak

550 %
FFRAL, &
Z=H-z (14)
=t (o= B (15)
Fav e
U +RUORy (16)

%= 1+RORy+R,

R R
R DRR: ()
RIEEL(9) . (10) . (14) , (15) 151 fia) [ 45 5 12
H:
kE, &u;  Ou;

Yo 02 Ot (18)

MRAE 1) L (2) 0 (14) | (15) 75385 1[5 25 19 141 3¢
ESCF

ou: RU
z * 19
32* 2t =0 H z ( )
ou’ R
R 20
C()Z* 2 =H H 4z ( )

ARG C7) RN C15) A58 10 [ 45 B W0 8 25 1A

]y = @~ Zou, (21)

XF(18) ~ (21) 2R/ A i oK g 15

= Z ch (Z'"z)+sm(—z)] T
(22)

SR T, = et/ H2 o ST 6 P T A, > O AT
{87, 452 I/ NEI I 7 7 (23) i+

A, (Ru+R
tan A, = ARy +R) (23)
A, —RyRy
a., 7% (24) 115
[ 1 Gin L+ 1—-cos /lzm] B
Az =[5~ zm ¥ T -
) RU /lzm /lszU
cos /lz,,z]
Ry ,12 - Ao
(24)
sz:]:r‘,—t ( 25 )i‘l‘%: :
1 /lzm 1 Azm .
G.n=3 [( ) —U 2(R2 /lzm)SIH(Z/Lm)—
1
Ry cos(24.,)]
(25)

i TR IR RS, AR A o | 5C
(14) ~ (15) F1(22) W] 45 ¢Hsf 221 1 ] [3] 285 5 | A 1) 3



24 BTG 38 /K i1 D - ML 1) B2 T [ 4 35
?FLF%SVZ([)ﬁ- ﬁfj-
_ Hu(z,t) . Huy _,@ B ou;, Ry,
Swin=-[ —p =) =T (38)
Huy~ A, sin A, 1-cosd,. . «
— + Je du, _ Ra
CR— sz RU /lzm (9Z* . - H uy ( 39 )
(26)
Wt ) 8145 R M M T (o) ]y = =2 (40)
S\r(00) = %(az —%) (27) =
. \ § 8 2k -1
A T S S04 1 45 R fh 28 (26) ~ (27) £= 0= ;";F ) (a1)
5 ‘
N o,
T7 _ sz(t) _1_ 2 N Azm Sin /]-zm
UZ(t) _sz(oo) B 1 26Yz _ﬂz m=1 sz [ RU Ch = k;/ES , = :_e ( 42 )
1—cosA 2
zm] —TvA%, ( 28 ) .
Ao [j L, (4)
iz . ”~ "y n xf(x) Vz n f(X)
WU, > 3096, 5 (28) AT FURE LB AT .0, 57 e l
St o7 F R AR Ky I ABL(RT oA ‘ *Fﬁﬁ‘ﬁkﬂ/ wEXT R (34) ~(36) K fi#, I+ F
A, 1 | ey (38)~(43)15:
i sin A, —cos A,;\ 2e vt .
U (t) I Gzl RU * /121 ) 20/2 _,Bz ( 29 ) M:, =1, Z Awm é‘:_nm %

122 #v B4 f2uy R
EB?JCB)T(W]EFU\ R, Ml B4
FFRAk, &

Z*
Uy, =ty + (@ _ﬁwﬁ)uo (30)
u, =u,+(ay ﬂw )uo (31)
Horr,
(] +RWL)RWU
w = 32
¢ (1 +Ry )Ry + Ry (32)
RWLRWU
= 33
A Ry + DRy + Ry, ( )

R (14) . (30).(31),2(6) . (11) . (12)4>
AR A .
Puy __ 2kf(r,) du;

= - 4
0z*? roky  OF |z, (34)
58U2 1 ou:
=—-—— 35
ot E, ot (35)

1 (3 khf(r) BM 681/2
r@r[ Vw ﬁr] ot (36)

Lo, w b AR I, £

rC
j 2nru,dr
w

=
Tom(r2-r2)Jr

FIAR(14) .(30).(31),2(3) . (4) . (8) 435

(37)

Gum &

/1 Wl)l W))l —_
[ cos(—= z*)+sm( z)]e™ ™
Ryu

m=1

(44)

(—z )+sm(—z )]e ™!

(45)
A, A, > OCHFRAE(E, /N B KT B 7 78
(46 ) T & :
tan 1, = M (46)
b /l‘va _RWURWL
NN
& 8¢ 8 n*-1
O ok | LIS e IECE
K, Ry = (ky/ky)(H/dy I BELIA T
Ay, 572 (48) 15
1 . 1 —cos Ay, 1
Awm = aW[ITU s /lwm + /1wm ] +ﬁw[ﬂmeWU -
1 1 1 cos Aynm
(z + /lT)Sln /lwm (Im - 1) /1Wm ]
(48)

God% 3 (49 )iJrﬁ :

R 1
Gum =3 2(RT - /lwm )sin(2Ay,) — R co8(2Aym)+
Asm s 1
+14+—
(RWU ) RWU ]

(49)



36 TR SHOR

% 50 &

AT RN TR AR AR, MR AT S H7 B B R 2
(14) . (31) ., (45) ] 15 ¢iF Z04% [ [ 45 5 3E 10 Hh L 3T
B%E:Sw(t)y‘j:

("1, Hu By
Svr(t) - _J;) Tsdz = ?S(a'w - 7)—

Hu, Z Ay, SIn Ay, N 1 —cos Ay, Jem
m=1

E‘S wm[ RwU /lwm
(50)
A 1o i1 245 5 | R %) 1 B e TR S, (00) A
HM() ﬁw
ES ((l’w— ?) ( 51 )
WA T 8] 45 5 | 1) 42 TR A S F- 35 [ 25
N

SV/‘(OO) =

T7 Svrt 2 N Awm i /1Wm
U0 =2m o1 o
SW(OO) 2a’w _ﬁw =1 Gwm RWU
1—cos /lwm]e_”m,
Awm

(52)
AR (44) S VAN RRAEARL A, I X 0L A9 A i
VB ws, B, I3 ) M 35 5K (53) 1 2 45 il R 28K

Awl/Gwl :
1t By
ﬁjo i tzodzzuo(afw—?) (53)
U REEII PR DY SR
FIEEy
Tw=1-¢ " (Fee 325 0) (54)

:Et':l:', T, = cht/dfﬂ\]ﬁﬁﬂ fi] &% Fsf 7] PR - o
1.3 Carrillo; £ E &G

AR (14) . (15) . (22) FA &% 0 7 538 ) A1,
U o) 7] 4855 | ) e 2L R RNAT R0 T

H-z

Jug (55)

U (D] ee = T (D] = (- = B:

WRAE(16) ~ (17) A, 0. M. SR FIR A K,
WA LS R iR TR, 0 B B a3 KRR 2 M K [
255 L ) e 2L RN A RN T EL o 78 k28 90 7k
3B KRR AN 2 0 86 [ [ 25 5 | e 1 B AL R AR
RORE F7 7 LR S T 1 B 2 7 K i N B2 TR
Y i) [ 245 2050 SR 118 52 T R A 5 M 8 TR AH PE LA R
NGB

[ 2, MRG0 (14) L (31) . (45) F1AG #ln J1 JR B
AT, A28 o] [ 455 | 6 1) B 2L R R 300 T

Dl = Ol = @By (56)

AR (32) L (33) AT AL, @, F1B, 5 R IR NHA
K, MO LA TURTE 30 5B 3B 7K AR R R 2 i
A 1] [P 25 5 | 1 e 2 L RUAT S50 0 {8 o 7 3 2 T3

TEVEH, 25 K i A 35 K R A 2 % 42 1) [ 45 5
L 10 B LR AT RO 1 77 2 i 10 g o
325 7K 01 1385 7K AR X LS T A4 1) 31 465 555 SR Y R
i R0l 5 O 2 T A EE BAF AR BRI R[]

M (55) F(56) T, #a. Ha, B EBAK A
AFAEE U] 1B ) 35 385 [ 45 5 | R () B 48 U I AN T
T 1) 15 3485 [ 45 5 | R 1) e 2878 SO0 7 o X Fh i 1 T 12
Ti] [ 45 FAR ) [B1 45 25 77 AR B Ikl &, TGk R H Car-
rillovE HEA TP e 2 [ 235 B 4, L 28 X A SR A AT i
X HE AT R A AT T AR, 78+ J128 T H A
A S PR R 1 220 Uk 22 R R AT AL B 0 BT o 15 256
T2 5 S8 I Mg DR X — W AL D M R DT R AR
li1) [&1 45 5¢ 1, 9 BEA% W Carrillok #EA7 D 2 [ 25
IR, Ha, MG, Ko, FIB.HUE, RMEE

., = @y, =By (57)

AR A

Ry =Ru.Ry. =Ry (58)

R (55) ~ (57).(27) . (51) 0] J11%% ) [ 45
5| ) B 2 BN 7 43 A T PRFN Ml 3 e 20T R 5 4%
Tia] [ 25 5 | 2 AR ], A 2 SRR [T TR [ LB 98 2R, 10
F M Fe B [3 4% BE 0T R FH Carrillo 7 53155

UM =1-[1-U,0I[1-U.0] (59)

Ao Ay [ 45 B I B A BN T, 245 T
Ryu = Ry = oot , Ry (RL) XF o, Juo T TR FE 43 A e % Y
S5 R34 T Ry = Ry = 1, Ryy (Ry) XF o, Juo UF
TRIEE oy A R PE R 52

H o’ Ju
//@
&
N A
"
S @
S/ T[T,
N[ T 3
1" &
y
R
0 ol /u,

0 033 067 1.00

E 2 R,u=Ry=coltR(Ry) X0, [ufERE 25T BISLME
Fig.2 Effect of R, (Ry) on the distribution of 07_/u,
along with depth z at R,y = Ry =

L 2 T A A0 g e TR R D PR
23 PR R D A 6] R DI A L /N TR I I
08 o N R E WA S {2 v/ & A3 Bl N U5 i i S U 2 N )
FLBR K AE AL A R W ARD H: 3t 3 v ] i 40 I
S e R (o I W7 DN 7 e S N e R
b RS UK [ 45 5 DR 59 07 LR 23 A3 S A3 A0 5



523

WS IC : 235 7K 120 R0 - ) 30 2 o 1] 245 i 37

WA IR BERD I A b AR R K 5 45 T A A B I,
A B FLBE HE RN AR TR R A 142 A TR AR
FE 5 AL, S8 AL R 2800 7 BETR BE B 3 A1 i 1
AR A, 2 LS TR ST 25 250 X B W] 2
L2 G N A s AR IELE , 25 R 2 i K i
Gy, Ay T M 400 1) (4 [ 45 52 Bt ) ' R AL
e B 2 AR T JER T DU J] AR, L BKORE AN B bl 420 -
JRE B AL AR I, PRI 23 U 1) TR AR E 2% AR 2 D
0 P A T R AL K B9 b B HE K 4 55 1 A A
R o M 2 ) AR E A R L B ) B T 05
FAL ., W0 I A HEK B80T T 00 T 52 B Y
T 25 1F 45 ol B T ) AR 2R AE AN TR, DR e A~ i
TR 1SRG I L v, s T ] 2 1 A4 AR R
IO 3 2% BE R L A A S A A, S A3 T [ 45 4
AR T A 25 ) B R L

H

0

B 3 R, =Ry =18R . Ry) ¥ o, /uBERE 253 7RI
Fig.3 Effect of R,y (Ry) on the distribution of 0_/u,
along with depth z at R,; = Ry, =1

1.4 BPEARK

%,IRWU ZRU ZmﬁnRWLZRL =OHTJ‘, Jj:tﬁrj‘ﬁa/z =y = 1’

B. =By =0F A, = Ay = (m+0.5)m, "B [ [ 45 19 #7%
#(24) . (25).(28)75:

o0

T7 _1_ E 2 1 -2 Ty (2m+1)?
Un=1 = (2m+ l)ze (60)
e ra) [ 450 fg X (48) L (49) L (52)75:
_ © 2
Uu@=1- E e ——— 61
0 — [(m+0.5)7r]ze (o)

A(60) . (61) 5 6UE F i B iz
2 EKRREXSE L E SRR S

SR AR D I 4 R [ 45 32 AR 108 0B 58
i, PRI A SO 5 20 15 i) [ 45 )2, I
Tl B 5 51 A0 I [ 45 5 1 o AR s 1) HE K A

T, AP I L [ 25 BE R TR IR IR RS () 7
A LT LA
LB AHIERN IR IRIRAE I, A7

fn=1,ry<r<r. (62)
HRPE (43) 115 F, R
n? 32 -1
Faznz_llnn— e (63)

THL2: WHIRIK X BB R BN Kk, 26 = k. /Ky,
BLET £ (r) o3 A iR
0, Iy <r<r

f= {l, 1, <r<r,
K, iR AR, &5 =/, PG (43) 75

(64)

n? 1 1-s2 s*-1 3n -1
F,= m[lnn+((—5 —1D)(Ins+ o) + e )] - e
(65)

TBL3: W TRIKIX B R BN A, A

(r—ry) +0(rs—r) )
f(r): —rs_rw , rw<r<r; (66)
1, rs<r<r.
RHER(43) 715,
ot s—1 (s—1)7?
Fom o O~ =gy *
2As=D@s=D) 12803841
21-07 5 Bn(l-o) °
(s=DEs=1) £=1_(=D@ =1 @1 1
-0y ' 2 1-6  (-oy "o
(n* = s2)(1 - 5)* n 3 4n*s?—s*
=g Tl it T ! (67)

2.1 MEBEKRBIEE. RIBFIBEKIER

Sy 2 W4 5 3 K AR o A S B T R 1 R
HS,, (1) = Su (1) (uoH | EFR R To et 40 M B ITRE

B f (4% Tok2(X(64)) i, n=r./r, = 15,
s=r/re=2, 6=k /ky=0.25, Ry = (ky/ky)(H/d, > =1~ 4,
T ( B A ) 4B K (R =00), iRAEZ(50) .
(52) 35, AT TR 7K R B R W 22 AR RD - b T
Y342 1) (8] 45 B U, R G 0 40 Ml 35 350 F46S,, (o) 4 52 i A0
A, tnE4 ~ TR

1 4 ~ 70150 Bl D IS B3 K R BUR, 5 T
B, LA TR A [ 465 28 T G 5 RyiBR K, IS
75 7K ZRBIOR 6T 1 235 32 11 5 i) sk B 58 (L HL 39T e 400 il
B 8 425 7K 28 5010 184 o B S 0 i X — R R Y R
AR 2 o st 2] )t G [ 4 YT b [0 45 5 e K L
Z TR M (32) . (33) (S ATLIEH,
Ry = oot} , a, =1, B & KRB KRB K, B MEMN



38 TR SHOR

OEANEN 15 FH R, Tt 49 B 28 TR M 10k 5110.5 .
T I 7K FR O B 2T B R W) X 31 45 B8 B R R
PR AH 7 [ 351 235 s ] PR 5 s i 990 o 2 BBt A e 40
175 7K 8 B o i 32 0 s B LA o A HE BTk
JE 1 375 7K 2% A 0 A8 A AS 2 0] HE 330 e A T R ™ A
SO P T TR 7K AR AR T 45 P O, e A ]
19 245 A 1) AL 5T S 288 0 T e 2 B S 0 428 /K R 3
I S RO K A e B T
FIRY 2 M - S A A L R BOR B 22501
100 f

80

60 | Vi — R, =2.0

U./%
=
£
|
o
wn

0.01 0.1 1 10 100
T,
B4 Ry =18R, MBS EKF NG
Fig.4 Effect of R, on consolidation degree at R; = 1

1.0 |
0.8 R,=0
——R,=0.5
.06 —R,=20
ey R, =
04
02
0 s s . )
0.01 0.1 1 10 100

T,

5 Ry=18R, ST EENAIEHR I
Fig.5 Effect of R, on dimensionless settlement at Ry = 1
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Fig.6 Effect of R, on consolidation degree at R; =4
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