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Nonlinear consolidation solution for composite foundation

reinforced by stone columns

GUO Biao', YANG Yuanzhou', CHEN He*, DU Fengbin'
(1. Chongqing Survey Institute, Chongqing 401121, China;

2. Broadvision Engineering Consultants, Kunming 650041, China)

Abstract: Considering that the modulus ratio of pile to soil varies with consolidation and the foundation has both
radial seepage and vertical seepage, the nonlinear consolidation analytical solution of gravel pile composite
foundation is obtained. The analysis of the solution shows that, under the condition of changing pile-soil modulus
ratio, the nonlinear consolidation solution of composite foundation is inconsistent with the linear consolidation
solution when the permeability index is equal to the compression index (i. e C,/C,=1), which is different from the
traditional theory; compared with the existing solution under the condition of constant pile-soil modulus ratio, the
consolidation degree obtained by the theory in this paper is smaller, that is to say, ignoring the change of pile-soil
modulus ratio in the process of consolidation of composite foundation will cause the calculated consolidation degree
to be larger, which is dangerous.
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Fig. 1 Schematic diagram of consolidation of

composite foundation
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Fig. 2 Curve of soil porosity ratio varying with effective stress
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Fig. 3 The relation curve of soil permeability and pore ratio

(1), (2) ., (3) W3 kil B 15 B 8 R %
ko IKEBTE L by LURARTR 4R R B m., 00K
A, B

B o\ T
b=k (G ) (4)
S
ko=t () (5)
_ de _ C. 0 P
(1+e)ds’. (1+e)Inlos’, 4,
(6)
Hp, moo ARG ETES 2280, FixX N
_C 1
7n’m07(1+€0>5/\0 (7)
MR (6) AT 153 AR i R4 B &k
E-=L1—-Eg% (8)
My O 50

Hp, E b LRI B R 4RE &
MRAEE 1, B B o] 5 R e 5
Tc(rf—rf)(;/vf+;)+7crf (;’A.f:rcrfqo (9)
SV RPN s L s o 1R N = o i = e
HE A RN TT, w kg AR AR 1] 1) ~F 3 L
S 55 B AR SRR

-7 -7
O sf 0 o

(10)



654 (L7 S A S SN

¥ RERFHEMD

g
;,»\f:n qo — (n* —l)u (11)
(=D +E
K. E.KRE 3 h IR EAEE; »
=r,/r.

(1) 45
o =owtay=a. +w (12)
(n* —I)erfj
WIEC AW, HELAY 45710
10k oul, ko'u_ o,
7far[ ar} y.o:r o (13)

X w 235 LR EALE; o BN
2w RN CF R ELE, £ A

u = 1 rudr
‘= 7ru)J 2nrud (14)
T AR BE REO AR AL, 5
ky =k, f(r) (15)

Koe b, RARIBN LB KB E REL ko A
manfE, WG A

= 9 S
b=k (7 (16)
H(13), K (15) 15
1o rkf(r) Qu7, kidu_ e
rar[ Ve 7ﬂ87]_F7w822 ot an

RSO R TR 2% K, R T AS 3 K B — ik
oL A RAEA

r=r.; 87:0 (18)
r=r.; u=0 (19)
2=0; u=0 (20)
ERE B 2], AR R bk Ak b By b A 277 AR

MRS o' T o' B 0, MR (9) 15 540
cE il

2
- n

=0, U= (22)

XE(17) Wk B gy, I AR AR A
(18)%%

du_ Ve (O, kO u re

5?"‘2km<ﬁif 7. 0% )[nf(r) J (%)

X 23) it xt r By, #ﬂm U i
(19), 1%

_ Y k.o 2 _

_2}8, (87+78 )[Von(V) Bo(r)} (24)

Hore

dx "~ xdx
Ay (r) = J er ;Bo(r) = er(x)' (25)
R CHRANK(14) T
— vuriF,(0e, | k0" u
“T 2k, (at 78z> (26)
Hor,
g —2riA =B (27)

(s —rk)
A — J AL (P dr B, — J /B, (r)dr. (28)

H%%%m,#%EiME?Qﬁﬁﬂmﬁ
EARE, BB ERERKIX N ZZE, St
BT, AN AR R, e B EE RN, S
BT, RN, B E R RO T R P BN
Tk AICHE BIRIR KN K P 5 & R RN R
A, k4 PO R, RO S
W2 R ERIR X N K5 R B R DL

kA

.

& 4 “%HEE7}<$ JE?;SI

Fig. 4 Horizontal permeability coefficient of smear area

R F, BB AL

ot s—  (s—1)°
F.= n*l{& nds n” (1 5)+
2(\*1)(8& 1)1 1 2(3 1) %
n’(1—¢)* S 7 (1—90)
s$s—1 =1\ (s—1)(8s—1)
( 3 2 ) n'(1—¢)° <
s2—1 (=1 (os—1) | (65— 1)? 1
[ 2 1—¢ jL(1 5)? In }
(n*—s*)(1—s)* 3 ARt =
n*(1—¢) Fln 4Jr Ant }
A r*nﬂz;8*kirﬂ/h(n%
XAH
Oe, 1 o2e_ 1 8685,.‘:
ot 1+e,0t 1+eos’, ot
C. los,_  diad
(Fe)ni0y. ot "7 ar (29
(4. (16) . (29) RN (26) 1T 15
— yuriF. (o \'ad
“T ok, ”““<g’w> o |



5 5 1 IR, S W R A M A R L A 655

C [¢
< <
ki k

T dtu

r’Fak ., (& .
()" S (30)
R4 (8) K (12) 0] 15 .
%, 1 2e_ 1 2edd
at 1+(’08t 1—"60870-/\ at ’
f—-‘%n — 1)) +[E —E,(n? —1)— 4
EO } ._E‘.;/,\():O (31>
ﬁ‘zﬁ’q’:ﬁ(?ﬂ)T
[E E,(#* *1)* "0t g, + ;:|
6, = 5 0 +
2 2 (2 —1)
()

2
\/|:E Eo(n —1)— /077)(10 &(77271);] +4ESOEL’(T/I27]‘)
0w

2%(712*1)
()
(32)
Xt (32) W iR 5 0] 45
s’ 1 [D+F9] 71}37 (33)
ot 2\|/[D+F]’+H ot
¥ (32) . (33)&)\%(30)7’”
—Cu=0 (34)
Hr.
_rF.kw |—[D+F] , JIDFFTFH| &
A 2k 0 { G G ’
(35)
YuriF [DFYF] ).
B= 4/e,,oEo{f[D+F12+H } (36)
c_{v[D+F]Z+H[D+F1}”“"’; (37)
G G
Wi, D=E.—E, (@ —1)—Snq; F=52 (¢
(2] 0 50
Du; G=2E,(n*—1); H=4E,E (n*—1).

2 BEEFEKE

ST RAS ) BB AT R, TR RE AL B,
C 1Eid 4 i 1k, %%Iﬁk[m]fmtﬂT*ﬂJwﬂ%ﬁ
W, WEk(12] B3 EN R HIT TRIE, 4528
IX— R Ak T i TR TR RN, & Riik
T'f%:
A:rif]‘;/&;() { { A/(I)Z+KI}1(;U+
" L L
—1, JFTR|' ™
{T* 3 } } (3%)

Yor i F 1 4+ I oy
Y } (39
(;%—Hﬁﬁﬂ
7
ﬂ—wfﬁ?} o)
Rrp, I=Y— (#° —1)——- K=4Y (n* —1);
L=2(n"—1); M Y=E./E,, MNELHIIHEE L.
XA, R(B)BHET u B REM TR, W
SRAS AT A
MR &M (20), (21), FER(34)
R e R
W(z.1) — ZT,,,(t)sin(%z) (41)
. MZan;ln; m=1, 2, 3, -

FRUDRANK(22), F
ZT (O)sm(fz) %qo (42)
B (42) Wisk LA sin(M/Hz) J5 4y, w15

2
n

Tm(o):*zi_l% (43)
Hor, BREDRAR(34) F 1
fAE< ) T, (t)sm(g >—|-

BiT'm(z)sin(ﬁz)— CZ T,,,(t)sin(%lz)z 0
m=1 m=1

(44)
B (40 Wik Ll sin(M/Hz) J5 F 4 ] 15
T, (t)+B,T,(1)=0 (45)
M 2
Al=] +C
N (45) A (43) 0T 4%
_ 290 n’ Ry
Tm(t>7ﬁnz_1€ m (47)

BRUDRARK L), W

;(Z,t) - 7’172/1-3012 %Sln(%z )eiﬂw[ (48)

b () [ 45
=4 f_ % (49)
Uy Uy
B (48) RN (49) v 15
U=1-— Z:]] Lo (50)

3 (50) BRI Ay AR S [ 245 ) 3L fige A i



656 (7S )

BB R

¥ RERFHEMD H53 %

3 e

BAVHIGE , FERD H M EE I % JEHE + A5 & b AE [
SRR b AN 0 T A S b R S G [ 4 i
L C/C,=1, C/Cy=10, LR &M
[ 2k, AR ARSI BT A5 & b i [ 45 A8 A i 1
DA TR AN 7 T TH SRAR T XA ) 8.

Y C/C =1, C/Cyp=1H, MRK(38),
(39) . (40)4r BN

_ riz» Fak 20

A o

(51)

) Y— (it — 1)~
_ Yur.Fa 00 .

78/3”10E\-0 4o : 2 ‘
[Y—(ﬁ—l)—a,—} +AY (i —1)
50

(52)
c=1 (53)
H(46) K (50) BEA AL, K (46). (50),
(51), (52). (33) I C./C =1, C./Cy =1 Ht
B A 2 [ 45 fi
4R O Al 2R 2 I, B 0 S A5
J7 R Je 55 AR S A T LU R

(=)o, trrl e, =nriq, (54)
M= (55)
i (53) R (54) I 45

7712(107(71271);

T E. (P —11Y) (56)
i R (55) [ 18
Be._ (-1 ou !
ot E(n*—1+Y) ot (57)
B R(56) FRANF(26) 2% 7 ] 15
P U | U -
A SHBS - Cu=0 (58)
Hr,
,  riF.k _
A= % (59)
/:_yu‘rfFa (77271) .
B %k, E(if—1+Y)’ (60)
C'=1 (61)

K (58) H(34) BAME IR, & HH

RS R, 0] LIS B A 2% 8 e 2 1] 2% B i
[ [ 25 B
U=1-3 %efﬂ’m' (62)
A’(%)Z+c’

o= (63)

A (59). (60), (61), (62), (63)HIAZE
R 2k i) Hb G ] 2 i

WX AT E R, % C/Cu=1, C./Cy=1
IF IS ) I 2 1 A 2 i 5 R b 25 RO — 3, 1B
S5ME LR R 2RI A RO I K. X5 L
0 R AN ] Y.

5 A AE BT E I Y C./C, =1, C./
Co =1 I 00 3 2 1 18] 2% figp 55 42 1 [ 4% it 0 LU 4
HEZH n=4, s=2, H/r.=40, ky=2, 6=
0.4, q /o’ w=5. NEWUFEH, Y4 C/C,=1=
1, C./Cy=1 W}, HuBEAE Ltk [ 25 BE 5 2k bl 25
FEFFASAESE 100 A M 5k o 22 1 1] 45 bb 2k ] 45
1%, JFHM BRI, WEEEBA, B Y=
20 b}, EeRAHZEZ 187 .

0.0

,,,,,,

0.2F

0.4

—m ARV =2)
—o— PR 25 fif(Y=2)
061 oo £ fit(Y=10)
—o— 2RV [E S5 (Y=10)
0.8F —a— R fH(Y=20)
—v— 2Pk [ 4% fi#(Y=20)

)

1.0 1 I I 1 ':33;_‘___.
1E-5 1E-4 1E-3 0.01 0.1 1

Bs5 FREHEIEEENATBREREEEBRNLILE
Fig. 5 Comparisons between the present solution and the linear

consolidation solution for different modulus ratios of pile to soil
6 Rk AN [F] 47 A B B S e C/C =1,
C./Cy =1 W} i A 2 [ 25 fift 5 221 I 45 A 19 th
8, W8EZ28 hn=4, s=2, H/r.=40, kuo/ko
=2, 6=0.4, Y=10. WEWLIFH, 4 C./Cy
=1, C./Cy =1}, [FFEHA HEE IR L% [ 45
Nk 2E 2, JOF HoAT 3 a6 By b ok, P
ZRERR. M g0 /0" =10 B}, FRAHZEL 135,

0.0
0.2F
0.4 F
- —m— 2R | 25
0.6k —o— 7R3 fiF(qo/5,,=0.5)
B L N d CH I B
—0— ARSI (qu/5.,=2)
0.8 —a—2 X fif(qo/s,,=5)
—v— R fiF(qo/5,,=10)
10 : :
1E-5 1E-4 1E-3

T,
6 ARETHRMBENNLHATBELEEEBHIILE

Fig. 6 Comparisons between the present solution and the linear

consolidation solution for different ratios of load to initial stress



%5 E

W, % WOANEE A B AR LR [ 45 A AT A 657

WA A A2 A B A0 R 20 1 11 2% R e B S
BR(13-14 T T 2 M iRR, 7EX EAFHER
SR AWML, AR SO R A M A 3 i 4k 46
PERZE £ EA LT IL SR % —RFIEN
L b 7 [ 45 2k R v R AR AR Y, X AR S AZ O
B “RBEETHRNEZMBREEIET
ML B B, = REF BT KFBEREAR N
Ak, R, A AR SCRR AT AR NS A TR
kR, AEEFAEIE K TR . T Bk
JU R0 b JE 1) A 2 1 161 25 320 45 43 A7

& 7(a). 7(b) RS RS % B+ AL E A
A IE BT R R ol. B C/C #RCL/Cu B
C./Cy.

0.0
0.2
0.4 v% \& U\n\.\
S —m—RE(CIC=S) %"\\. \%
0.6 P PEFBEE L AIRCIC-SR, % WA
—e— A HRCIC=1) Bk WA
o Lo HERBERIAAERC/C=D } s W
B —a— A ihiCIc=0.2) ALY
—v— Ve R H AR (Ce/Ck=0.2) "8, B8, |
1.0 1 L 1 Ioﬁﬁn*ai‘ )
IE-5  1E-4 1E-3 001 0.1 1 10
Th

0.0
0.2F
0.4
S| - H(=10)
0.6 F —a i+ 45t LE AASf(Y=10)
—e— AR TfE(Y=5)
0.8 | o= L IR L A R(=5)
| A=A S (Y=2)
—o— bl LR L A (Y=2)
]0 1 1 1 1 ‘e ¥
1E-5 1E-4 1E-3 0.0l 0.1 1 10

7,
(b) AR B A 1 3 L B % L

B7 AXBEXZEHELEELRITERLTHENA L
Fig. 7 Comparison between the solution in this paper and that
considering the invariable modulus ratio of pile to soil

7 () MBSO n=1, s=2, H/r.=10,
Roo k=2, 6=0.4, q,/d =5, Y=10. K 7(b)
M ESHC n=4, s=2, H,. =40, k,o/ko=2,
0=0.4, q/8'w=5, C./C,=C./Cy=5. WLLFE
th, ARSCIE A A b I ] 2 A A A BT Y
Fo B BEAE LR L AN O T [ 45 248, JFH C./
Co B/, HE W0 0540 B HOB R, P 3 22 BE K.
TEVE 7(a) P B SRR AHZES 1400, FEIE (b) g )
BRRAAZEL 13060, RXA: b T BOPE 1 A ke AN 8
I, MECRAS RS [ 4538, e il 0 HE i 15 64 4o

AN 7 R IH B fF 3, A el T R Y
W25 R, S4h, MEWTLUEH, C./C 8Kk, ik
] 25 B8, BEEBTRLL Y B, M A bR

8 AN IS 5 28 M 1) I DL T R Bk B
L. HHEZHEh n=1, s=2, 6=0.4, ¢,/5's0
=5, Y=10, C./C,=C./Cy=5. B[LLEH, Z
W 2 i) 2 AL I ] 2 B, ko /Ry BN, H e BN,
AR SR 55 200 1) 95 U I 22 UK, AN R 2
MBIAK, BILE 6 0 LA, X T A MR 5 st B
VIR B0k .

0.0

0.2

0.4

)

—m— g B ] B U
—o— Rk, /k,=2,H/r=10)
—e— Rk, [k =1,HIr=10)
0.8 | —o— AR M@k, /k,=1,H/r.=5)

0.0

10 1 1 1 1
1E-5 1E-4 1E-3 0.01 0.1 1 10

B8 EBEmERXELEENEIN
Fig. 8 The effect of vertical seepage on the degree

of consolidation

9 SRR 5 2% R R B XK B8 R AL
AR R EN. HESE R =4, H/r.=
40, kyp/ko=2, 6=0.4, q/6 w=5, Y=10, C./
Co=C./Cy =5 MNEIWTLUE Y, i 4 5y X3 [l
K, MR 25 R4S s R SO TR R 3 XK B
TR IN KB E RS B,
EARE R, PR A 2244 10 2.
0.0
0.2 %

=%

\
04} '\“.‘é)
B
S Lyt
0.6 L T A L G=2) \.‘3\%
OT - TRIER AR BEREAM=2) W&
—e— A i (s=4) \.\\iﬁ

0.8 | —o— NE BN X iBE REALM(s=4) =

%mmt
1.0 L L 1 L 1
1

1E-5 1E-4 1E-3 0.01 0.1 1
Th

B9 MaXkTEEERYRANELEENFNT
Fig. 9

0

Influence of horizontal permeability coefficient

model in disturbed zone on consolidation degree
A
4 it

AN ST 0 B4 A S i Al £ ] 45 ) R
H JEME LR L B [ 4502 ARk . Hh IR AR 1) S



658 IR E R EEE R0 553 %
MASBR. BIWR kB E R ELETILES an Geotechnical Journal, 2010, 47(2). 207-217.
FRAE, BB T TR A TR SCBROONIE R e (8] ORI MR SR BRI %R T R4
[ AT . XA AEAT T BE X A [ 2 RS G AR ALY ). 5k RS 2008, 30
WRIEFT T o007, ABILLT 2546 1 5197531,

()46 JEHE - 58t 1 25 1 A 725 A LU Mengmeng, XIE Ranghe, ZHARG Yuguo, et 2l

. Theoretical solution for consolidation of composite

TG/ G =1, C/Cy =11, e He b [ foundations considering construction disturbance and

L L I A A AR S, I S R L B loading effect[J]. Chinese Journal of Geotechnical En-

P AT e A, 1 DL B S R 0 dineering. 2008.90(4)« 519-551.

(2)ASCH JEHE A58 B BB B 2528 A I 00 T /Y [0 Sk 1 IMeC, W HE . A 4T S B phob R BE A2 2 H 2
fipp L flB B ME A B bR AR B0 T B 4 28 A It LEEALARIESE[]]. 5k J1% 2014, 35(5):1303-1310.
MRz RS EE G SRR TS ZHANG Yuguo, SUN Min, XIE Kanghe. Study of
b 35 ) ] 45 simplifying solution to consolidation of composite

(3) % JEH L3 31 X K SF 18 7 R B R AS AL L ground with partially penetrated granular columns[]].
U\i’{ﬁk%@ﬁf% ﬁK’E [E éﬁg‘ﬁ% ’ 'Hz:‘%@iﬁfgi& Rock and Soil Mechanics. 2014, 35(5):1303-1310.
#j];iﬁ]lzquiz}i%%éiﬁ&ﬁ{ﬁﬂ:{%?r [10] LEKH.A K.R’ KRISHNASWAMY N R, .BASAK P.

Consolidation of clay by sand drain under time-depend-

S % 3k References ent loading [ J]. ASCE Journal of Geotechnical and

Geoenvironmental Engineering 1998; 124(1):91-94.

[1] YOSHIKUNI H. Design and control of construction in [11] HAWLADER B C. IMAI G, MUHUNTHAN M.
the vertical drain method[M]. Tokyo: Gihoudou, 1979. Numerical study of the factors affecting the consolida-

[2] HANJ, YES L. Simplified method for consolidation tion of clay with vertical drains[]J]. Geotextiles and
rate of stone column reinforced foundations[]J]. Jour- Geomembranes, 2002, 20(4):213-239.
nal of Geotechnical and Geoenvironmental Engineer- [12] INDRARATNA B, RUJIKIATKAMJORN C,
ing, 2001, 127(7): 597-603 SATHANANTHAN 1. Radial consolidation of clay u-

[3] HAN]J, YE S L. A theoretical solution for consolida- sing compressibility indices and varying horizontal per-
tion rates of stone column-reinforced foundations ac- meability [J]. Canadian Geotechnical Journal 2005;
counting for smear and well resistance effects[J]. The 12.1330-1341.

International Journal of Geomechanics, 2002, 2(2): T13] J5 . 4 4 4% 0 F 08 2 M 5L [ 25 S b7 P16 RS2 [ D]

135151, BUM L HT K22, 2009.

[4] XIEKH, LUMM, HUAF, etal. A general theo- LU Mengmeng. Analytical study on consolidation the-
retical solution for the consolidation of a composite ory of composite ground under complicated conditions
founda-tion[J]. Computers and Geotechnics, 2009, 36 [D]. Hangzhou: Zhejiang University, 2000,

(1/2): 24-30. R TRl e N T BT
[5] XIEK H, LUM M, LIU G B. Equal strain consoli- B2 MR L) ], % 5 2%, 2010.31(6): 1833-1840.

dation for stone-column reinforced foundation[]J]. In- LU Mengmeng, XIE Kanghe, WANG Yulin, et al.

ternational Journal for Numerical and Analytical Meth- Analytical solution for nonlinear consolidation of stone
ods in Geomechanics, 2009, 33(15): 1721-1735. column reinforced composite ground[J]. Rock and Soil

[6] CASTRO J, SAGASETA C. Consolidation around Mechanics. 2010,31(6): 1833-1840.
stone columns. Influence of column deformation[]]. [15] LEKHA K R, KRISHNASWAMY N R, BASAK P,

International Journal for Numerical and Analytical
Methods in Geomechanics, 2009, 33(7): 851-877.

[7] LU M M, XIE K H, GUO B. Consolidation theory
for a composite foundation considering radial and verti-
cal flows within the column and the variation of soil

permeability within the disturbed soil zone[]J]. Canadi-

Consolidation of clays for variable permeability and com-
pressibility[ J]. Journal of Geotechnical and Geoenviron-

mental Engineering, 2003, 129(11): 1001-1009.

(HE W PO



