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Solutions for settlement and consolidation of soft ground
with vacuum preloading

ZHANG Yi-ping, YAN Lu, YU Ya-nan, LIU Wei-chao
(College of Civil Engineering and Architecture, Zhejiang University, Hangzhou 310058, China)

Abstract: Solutions for settlement and consolidation calculation of soft ground with vacuum preloading are studied by considering
the loss of vacuum. Firstly, an axisymmetric deformation model is developed under equal strain condition according to the vacuum
pressure condition of sand drain with vacuum preloading. Formulae of deformation and volumetric strain are derived from spatial
axisymmetric displacement control functions by using the displacement method. Then combining the obtained volumetric strain
functions and the existing Hansbo’s sand drain foundation consolidation theory, and modifying some boundary conditions with
vacuum preloading, analytical solutions for consolidation of soft ground under vacuum preloading are conducted when vertical water
flow in soil is neglected. Finally, a comparison between the present solution and some previous solutions is made, and compared
those theoretical solutions to test data in situ too. The results show that the volumetric strain has great effects on pore pressure and
consolidation calculations; it would lead to large errors in consolidation calculation of vacuum preloading while quoting the volume
strain formula of surcharge preloading directly. And using Hansbo's approximate method to calculate degree of consolidation can
meet the requirements of precision; the calculation results are in good agreement with experimental results.

Key words: soft ground; vacuum preloading; vacuum loss; deformation; consolidation

HIE - AT BB, AR B 1]
BATAREN) Z N T BT 20 tHEAL 80 HEAUT A

gl =5

LS HEZK P 25 0 T - M () B AR S, o
o p g B S22 B ) WK ellman #0371 1952
SEREHM. 1958 AEAE S [ I E BrbLis 1 g gt
TR B N B I s B AR AR 21 65 (1) T3
AEFEI L R, B HAS, 2525 WREL JREE. B
i, SRS E AR T IAMRIE, Hh T T
ZUTMIAAE, iR R, FEEHEK

Wk H . 2010-10-08

WEE SN T2, AR REERS B
KRR 4 T TS B 0 045 F0 s o [l ¢ - 1y A
PR T T ZMBET Jri A5 s i 7 A AR, AL
FETREN N IAF T, B % TR SRR &
JER . RS U AR R R () I P PR #1725 T
B HUBIR R, AR TR TR K TR AT, B i
RIS % Ja T TR SE B

W—VEE T A, 9, 1973 4, (it REANFHIEAEE, A TR, FEYUEY 8 SRV T/E . E-mail: zhangyiping@zju.edu.cn



150 b +

Joo 2011 4F

L2 VRS [ ME P00 o T b — A, AP i
FEAIR ) e B 2 ORI SRR I AR T . FLHs
A3 RN 750 SRS BE I A AR AP, S HERAE R
IR0 S M B AT A O RIE 2T A K D s, A8
Z AR, i Carrillo™ 8 HyBFIN 46 PF T RO F = 4 i 4
v 00 ] 53 SRy A% v [ 5 R g [ 5 B i, B S
Barron i Hy Tl XHFR [ 45 25 8 i) B AR R b AR
RS, KA T BRAR (0 P9 b WA 451 1 [ 45
fift, J5K Yoshikuni'”. Hansbol”!. i} A& —
R T WP IEIE 25 AT AR T AR, XTI
TS, B B - W ME A8 T s 4D [ 5 At AT A e 5 U AH
S, HE RO RS R S [ 4 BRI
Senih b, IS SRR R AL A, R T E
2% TS o ] b ) 0 5 A b s sz VO S i X e
L2 i 23 ST 1) 3 A1 1) B0 25 S AR T A L B L
A P it o A 28 I T AR A ) 0 2 - ME R 5 TS
fi#Mrfi#; Mohamedelhassan F1 Shang!'& Jg T %%
X A 8 O 10— 4E 3] 45 5578 ; Indiraratna 251248 H
I EASAEH N BB R AR A, it
Hansbo f{IRD [ 45 P8 (1 KL mll_E 23 5 #E S T 2510
o SO AR A 2R (10 3 45 e RS- 1Ty 5 A ABE 2R g ] 5 A
Tran F1 Mitachit*'%J Indraratna 25U 2[4 S Pk AT
TEIE.

FLTIUER T i B AR AR AR 55 AR e 4
PR FEARFEY, i H TR e R
TR IS (R AR N AR T B8 AT SR . AN SCHENL T
TR A AR FRI A TERY, JfEs T HA &
FARFAN ARV AL, e Al R SCHR[13]1
WU, TINEA TR NI i 45, SR
2R B ) VBRIV [ 45 ) ) A AR . S, S
ARG S TERE, FFREAR ST A A P s T )
N FHREAT T Bk

2 RSN AR R N AR

FATTAAASIY 2 R L AR 8] 10 225 [ Al 0 o
B, el 1 proR. ROTHRBEN H . SRR T
WhIEEE N T, o FEAB AT O A [k
etk FPERCEY E, JRRALE H o AHIE
M2 IE L 5 LA EEEE T3 @55 N AR 11 1k
NE D IR B S W DX PR e AR A i) A
T, AR PP NAE— R AR TE A . MR
SCHR[12], ARG B2 B AR S 05 L o [ B
AR T 1 e R, LB P i) S
IR RO kb (0 k<), AHIEARF I EA S
I, R —py .

G 1 ORI R, LU R A IE,
ASTGLL R M IE o SRS G R 8 i (8 5 o g Al
FRTE, KRR s I A ] 1 A
TR, g

I w (+m-2p) , _
oz’ E(-p)
S w N RS Z AT T g
m%ﬁ%&m%@%&%%ﬁ,zzﬁgiﬁw

(D

p()
x P

Ppr)=per,)
0
P, r) = p,[1-(1k, )/ H]

N~z - py(1-k VH
I

7k|p0

B 1 =R AR A
Fig.1 Spatial axisymmetric model

& F :(l+,u)(l—2,u)po(1_k1)’ & (1) iR

E(1—p) H
H
W(Z)Z%FZZz+A|Z+A2 2
WRYEIL A z= H, w(H) =0 A5
4, =—%FZH2—A,H (3)

DAL A B [ (67 8 m] 7R A

W(Z)Z%FZ(ZZ—HZ)+A](Z—H) (4)

W IKAPRI R I, B ) N ) 5 B8 ) A A 1) ¢ R
A RIRA
___(-mE ow (5)
(I+w)(A-2u) oz

Rl (@) ARN, It

o :—M[FZZ+AI] (6)
I+ )1 —2p)

L AATIRA 2= 0, O.=PDy> AKX (6) 71
13
4= 0(1+u)(1—2u) 7
E(1-p)

R (D) RN (@), AR
Rk Aeika



HH

SRAGHEAS s L% YU ] 4 M HE AR T 5 ] 45 v ST 9 151

w(z):%FZ(zz —Hz)—po%(z—f]) (8)

HT RIS AE 2 I [ AR T IR 1 DL R AEIRE 2 &b
(DR RENIIEE ANV T

_, Wed=20)  py(=k) A+ )A=24) - o
 E(d-p) H E(l-p)

3 [HZEEETHA

Mg L ARBE K, AR AP I I B4R fi ] 25 5
ATTREA A3

%:—i[l—(l"k‘)z}@ (10
ot E, H “Jot
SRR L L )
v, ror_ or ot

(1

ERLIEN
v, ror\_ or

A0 L (9 BAK. iR REAI
R KA TR KR, T4

ou 2k, ou

e W (12)
Oz r.k, or

e & WAL JBAR B IS SE T X AR — s A
BINAE (5 E N AR B RARE; us B
FIER BRI A AR — S ALE,
u =u (r,z,t) ; u HAFEEAR RS RIN SRR X A
EE— SR, w = (rzt) s u U BRI
BRI M XA L R R B P AL s ww A
FIBARNBRIN, HEAKBRAAE RS A
fen 73 R IRIRIX AN KB IE R G ke KA
BIEREG r ARIFEERCEAR: o AR,
re WHEVIFSEMIDCEAE: po AKIIEEE: H 3R
IKBIFTBEREE s ¢ Ry INTa] . 2(10)~(12)4 pk T 7D

FEHEEAR 1) [ 4 HE AT 7R
Grnl (1D PRy r B3, JERIHA R %

oe
py , (re(rn,rn))

Ou ou Ou
—|_ =0, k—|_ =k —|_ nJf4
14: 6r |r7re s 6r |r7rs h 6}" |r7rs T{:I‘
ou o 1(r*—r
) (13)
%—7_‘"6_‘€L ’22_”2 re(r,r)
or 2 ok, o

Wtk n=r/r,, B (12) Fi=k (13)
b 1 Al

(14>

o’ 0
L

- . . 0 y
e (10) 15k (14), yﬁzxﬁa—fiﬁ, A

ou, v, 1 (1-k) |ou
Zw _lw 1)1 |
Pt )E{ 7 a1

w S

SINL A
Ou 1-k

U, |z:0:_p0; 6_ZW|ZHZPO(TJ (16)

FELER ] Hansbo FITRLRARE J7 420 (15)
W ILIEA TR AT 1S

y, 1 Ou , ,
=— _iw = P (a2 )
u, W)@a&@ )
2 2 2
{HZ—Z——(I—kI)i[H—+Z—H (17)
2 H( 2 6

A p(Z)=po(1—(1—k.)%Jo

Y, Sr<r i, fE e 7 RGN R
r=r,, u =u,, KR (13) PR 1 R r B
SR (10) &A1

FHEL, M <r<r i, £ r i E5I Ndd 4
e r=r, u =u , B (13) 15 2 XFE - -
B (10) fAxfn 5

oSl 0]

— 2 2 2
y—WL%(nZ—1){HZ—Z——(1—kI)i[H—+Z—H
k, E ot 2 H{ 2 6

(19
TERPE z Ab AR D0 L P 244E

Ts Te
J 2nurdr+ IZnurrdr
r, 7

r 2 2
)

Ws=r/r,, HX 18, (19) 4 BALAIL (20),

20)




152 b + 0 2 2011 4F
FHAPAHE—IREE z Ao PIIFLE A oo £8nj
. =l-exp
— 2
e pt LB 0 Ty L) ( 25)
2 E a k, H n — 1
Up=—
H

2
2z —(1-k) 2| 1+ 2 ||
H 3)\rk,
2 2
F = m{ﬁj+5hms—§-{l—+—§—m
s) k 4\n -1 n -1

2
1_k_ 1_S_ +ﬁ 21 [1_%)
k, 4’ )k on’ -1 4n
QD

XA QD 51K, MG (=0,
u, =0), R 2 LIS N

7, :p(z)exp(ﬁﬂj_p@ (22)
JLlZ
N T _ khEs
;—Ltl:':': h _4I’CZ}/W (23)
_ _(1_k1) _L .
R
2 24)
’}E&—zz—ﬂ—k) [ H? + j by }
H r k
RSV TT 10 S AE SR D I L L A |

(K, ZIERE IR R R G2 AR —p(2) B

B S bt R — 4% 85 b 1 135 [ 45 JSE R A b 3
It 45 L R AR AE 3

4 TREsEA

4.1 TEMMR

T LR T 2 Sk s oAy i R e DX sk R/
ZUFSEREM(A R)RUH E g 2 A (KX k(B
X), KHEAUE AP AL . 15 KBS Tl

o ] 3 T W ZNEREAT S B TR 4 U
20 000 m” ZeA7, FAE 2 ST S 0E 7 T s iE

JE, L AX SH, BIX 16 P, MR TR )
SR, R | B AR S e
SISV EY /T8 BN 1 DT (I BN (3 BN ) w8
B R L EEY R SRR LR 1.

KA S =1.2 m, KJF H=25m 3 RHEK
PR ORSFH 100 mmx6 mm), ky=5%10"cm/s, AbEE
BHIE, IEBAE . EDURE 1R 7 A0
BRI, WTRBE AR 4 mATE 1 MU LK 1

XA RIS, AR H AT SRR R 1A AT U, WA AR 3 m Al 1 R ALIRTE
PRUER SRS R IR 45, [ B 3710k BRI ) 125~175 d A%,
x1 FERTBERYESFRER
Table 1 Mechanical indexes of main soft clay layers
+Z IR Ak i}y L 4 R AL HEREL e K535 7K B 353 R AL
B /m Y% J(KN/m®) A /MPa’ % Eizp 4 /107 m/s) /107 m/s)
WRFEEE 0~8 414 17.9 1.16 0.80 16.85 1.16 4.428 3.775
ST 8~17 499 172 1.40 1.15 19.46 1.30 2.724 2.536
WEELT 1725 433 17.7 1.23 0.95 17.69 1.16 3.889 2.881
42 ES% bt n=20.05, s=r/ry=2.37, # F/KEL F R 3 m.

DRI S g2 T B 2 3 e B, Tt T 2 2
5, HEZ TP L RE S ZREAHEAKR, K
FAIMABCT-$832:4 45 12 16 [ 45 R B0 L2 2 1 JELRE 1Y)
A TSR A5 B A M 0 S 45 R M T
T % RE, B kn= 3.68x107 cm/s, ks= 0.92x107
cm/s, Es=2.33 MPa, v =0, R%EBERHAE
AR SR TR I FE AR o A FH SDRLHE AR 1)
28 100 mmx6 mm, # 7w=3.38cm, S=1.2m,
EJ AR, i re=67.68 cm, r,=8.00 cm, #H1%

SN BG5S R A5 R SR HE AR P 204
TG L 0.3~0.9, AR TRZARFZE
SEM S ZE AR, AR TR S PR AR SO LA 5 1% 1)
TG (R R EL k= 0.75,
43 SERXHAT

AT R TS R &0 2o R & 2 B
N IS T 20 2 SRR T A T B SRR S
B, b oy 2 RORITE AR R Ak BB R
fu) W AR, N YR gE A B T R BUR
0.85. VI 25 FR B PIRI U1 5 25 STl # AR B2t



B SRAGHEAS s L% YU ] 4 M HE AR T 5 ] 45 v ST 9 153

ASCTT IR 53— Pl S DRSS T LA

140 1
—a— I} )= B Ak
—o— AL fiR

£ 100 —v— S
Qo
= 80 F
=2 L
& 60
& 40
20 F
0 1 1 1
5 10 15 20 25
R /m
K2 4RUikE

Fig.2 Stratified settlements

ASCTFET HPAHE S LA ko 0L T 4L
Je IR 3 Bros. T, BEAE ki AOHE O
F LI ARAGOR,  RIVBERE AL D A7 280 ) Ao
VB AR ORI, IR AL BERCR BAE

i)/ d
20 40 60 80100 120 140 160 180 200 220

0
-10 F z=6
-20 F —.— k1:0.4
S0 | —e— k,=0.6

g —a— £, =0.8

Z 40 | —+— k=10

= 50

s

% -60
-70
-80
-90

B3 —EFREAR kBT B LR iz
Fig.3 Curves of excess pore pressure dissipation with
different vacuum losses at a certain depth

Bl 4 AN ey AR AR BRARAE — 2 IR AL AL
Jis 2k, 55 2N I FEE K S B 04T T ELAR
I EIAT A Y, 3 FfAS [A) B A5 [ 45 i SU1 e g L
s 5 SEDNEHHRA AN FIRESE R i 7, BEAACR 02
D KK, A SERs TR, BEE IS 14T, A
(B2 O (TR AL IR W RS e AE 2 — (L 7, B
W S AN R R AR BUZE A, 1 SCHR9]
e RS A E IR NG DL, XN I REIE e
fv=1.00 3 FlA A BASAE GE B/ i 0119 45 2
T80 BT AEAER BB IN R M RCR K,
B YR R R I AN ) B8 W AT T 22, AR SC
i SEMWI AT . B 5 AN R AR DT
BEBE N T ORI i . IR T DA, BT
WIS B, PR ] 45 9 5 BT 43 AR D R B 52
Hs AL, B SO PR D RS N, SCHR[13]

IR L T e R LR 22 o 1 I 22 (4 D PR T
RE AL TR I HER U PR AR AR T3 28 S e o
ML 6 AT, ASCRARAE ki=1.0 IR AL 4 SCHR13 1%,
11 SCHR[9] 5 SCHRLIBIME 45 RILT-— 8, 2 1]
(9N 22 9 i 8 SR P g B S s o f
(F RS [ 45 RS HE P45, i J5 % R Hansbo! g
IEACRAE RIS IFE ST e 1, KRR AN
Wb I i 45 PR AN 23l R AR K I 22, A SR
Hansbo IR ALK T3 1245 2wl LA

a7 d
20 40 60 80 100 120 140 160 180 200

0
oy Tem
&Y —u— SCHR[OIE R AENMSEATD
20 Y 8- — SCHER[13IM% (k= 0.75)
s 30 FAR —a— KA (k,=0.75)
- \O !
~ y - S
= 40
1
= =50 b
iz
B -60
,70 -
,80 -
,()O L
(@) WE z=6m
e / d
20 40 60 80 100 120 140 160 180 200
0 T T T T T T 1
b z=12m
-10 —a— SCHRIOIR Gk )
-20 —e— JCHR[131#  (k,=0.75)
< o fadd —
F —a— S (k,=0.75)
= %0 o 5l '
= 40
— v,
=
= 50 |
RO
# -60 |
,70 -
,80 L
b) WEz=12m
fsf ) / d
20 40 60 80 100 120 140 160 180 200
0 ——rr————
10 B z=18m
20 N —a— CHROIR (ke ME A1)
30 b —e— SCHR[13]M#  (k,=0.75)
—a— AICHF (k,=0.75)

., —o— 521

BERALIE / kPa
&

(c) HZEz=18m

B4 ARTEEAFE R ETLES STl R
Fig.4 Comparison between the calculated by different
theories and measured excess pore pressure
in different depths



154 E- R S 2011 4E
£ -9 '.’\N;-—«’“'——"\-’\-’\a"'__'\!"' in the theory of consolidation of soils[J]. Journal of
%\: :;’E i W) / d Mathematics and Physics, 1942, 21: 1—5.

5o, ZIO 4? 6.0 8IO '?O II20 "I‘O '?O IBIO ZOIO [5] BARRON R A. Consolidation of fine-grained soils by
30 o SCHRCIBIME (k,=0.75) drain wells[J]. Trans. ASCE, 1948, 113: 718—742.
5 o f EE wmem [6] YOSHIKUNI H, NAKANODO H. Consolidation of soils
g 9 "o....'o-...,.".“" by vertical drain wells with finite permeability[J]. Soils
TR0y Sabassan and Foundations, 1974, (2): 35—46.
10 [77 HANSBO S. Consolidation of fine-grained soils by
K5 MuRUTRENGK ek prefabricated drains[C]//Proceedings of 10th International
Fig.5 Surface settlement growth curves Conference on Soil Mechanics and Foundation En-
i) / d gineering. Sweden: [s. n.]. 1981: 677—682.
0 20 40 60 80 100 120 140 160 180 200 [8] WiEEAN, © EEQ. SENVAR LA T IR I b 2 ] &5 A
N T FREIBII. b TR, 1989, 21(2): 3—17.
jz : - igﬁ%ﬁiﬁ EZE? (ft;ﬁ]‘) XIE Kang-he, ZENG Guo-xi. Consolidation theories for
g .l —A— KSR (k,=1.0) drain wells under equal strain condition[J]. Chinese
- Journal of Geotechnical Engineering, 1989, 21(2): 3—
0 17.
T [91 ik B, MR RS04 TR B I ] 4 AT 44 0],
120 ¢ KIZ TFE, 1992, (9): 1—7.
140 L

B 6 AFIERTHERHRUTFERK 2k
Fig.6 Different theoretical growth curves of
surface settlements

5 4w

C1) 025 T AT HE 38 1 s [ X 5 ANSCAE 149
SERAFEAAF I, JF HEA I AR A AR
TERIBLHEIEA BT AR o ABUNAR R 50 LA il s
AR TN [ 45 L R v ST BRI, 5 | I A
GEHER TR AR RR N AR T84 USR] e R SR
R

(2) HHFMEBEASAF T SR U RN A5 ORGSR
fifE A Hansbo (R ALASK AR IR0 - i 45 BEAR A 1] 25
BRSPS RN ZE AN o

(3) ASCHESEAEFM P IARBINAT A
i, KU Hansbo JTALLRD Il 45 PG vHAFLFL s A
RYUE, Prisdi RS SE B v S8 .

2 % L W

[1] KIJELLMAN W. Consolidation of clay by means of
atmospheric pressure[C]//Proc. Conference on Soil
Stabilization. Boston: [s. n.], 1952: 258 —263.

21 &R FEHKPUIEME R SRR M. bt AR
A HRRAL, 2002.

(3] A, FCASTUE I L 105 f B A 5T [D]. b
P WK, 2003.

[4] CARRILLO N. Simple two- and three-dimensional cases

[10]

(11]

[12]

[13]

[14]

[13]

[16]

[17]

DONG Zhi-liang. Consolidation theory on heaped load &
vacuum preloading of sand drain foundation[J]. Port &
Water Engineering, 1992, (9): 1 —7.

0. FUAS-HE BB A TR VA N [ LR 5 o S e
JUD). R MR L TRER, 2003.
MOHAMEDELHASSAN E, SHANG J Q. Vacuum and
surcharge combined one-dimensional consolidation of
clay soils[J]. Can. Geotech, 2002, 39: 1126—1138.
INDRARAINA B, RUIKIATKAMJORN C, SATHANANTHAN L
Analytical and numerical solutions for a single vertical
drain including the affects of vacuum preloading[J]. Can.
Geotech., 2005, 42: 994—1014.

TRAN T A, MITACHI T. Equivalent plane strain
modeling of vertical drains in soft ground under
embankment combined with vacuum preloading[J].
Computers and Geotechnics, 2008, 35: 655—672.
CHAIJ C, CARTER J P. Hayashi S. Ground deformation
induced by vacuum consolidation[J]. Journal of
Geotechnical and Geoenvironmental Engineering,
ASCE, 2005, 131: 1552—1561.

WA, PRI ECEADIMLL B S EE AL,
1982.

Lok, WKk, BHEG, A5 WRHEKBUAE Bt
BT &5, 2004, 25(84T)): 437—440.
JIANG Hong, SHEN Shui-long, Dou Feng-guang, et al.
Analyrical method of PVD-improvement subsoil[J]. Rock
and Soil Mechanics, 2004, 25(Supp.): 437—440.

B AR GT S, JGI79—2002  d AR AE AL P L
ARIFE[S]. AbHT: A E AR Tl H R, 2002.



