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Working behaviors of composite ground under flexible foundation based on
super-sub structure interaction

YU Jian-lin', JING Zi-jing", GONG Xiao-nan', LIU Chao"?, LU Wen-zhi* 3
(1. Key Laboratory of Soft Soilsand Geoenvironmental Engineering of Ministry of Education, Zhejiang University, Hangzhou 310027,

China; 2. Shandong Electric Power Engineering Consulting Indtitute, Jinan 250013, China; 3. MWR Key Laboratory of Geotechnic
Mechanics and Engineering, Yangtz River Scientific Research Indtitute, Wuhan 430010, China)

Abstract: Based on the deformation characteristics of composite ground under the flexible foundation, the composite ground is
divided into four parts, including fill, cushion, composite foundation, and underlying layer. Through the anadysis of a typical
element, a smplified anaytical model, which considers the above four parts as an interactive system, alows for the relative
movement between piles and soils and assumes different settlements of foundation soil at the same level plane, is presented.
And then according to the compatibility of stress and deformation on the interfaces between these four components, the
formulas on settlement and stress ratio of pile-soil, which is used to characterize the behaviors of the composite ground, are
derived. Finally, it is demonstrated that the results from this solution are in accordance with the measured ones of a project. So
the proposed method can reflect the working behaviors of composite ground under the flexible foundation favorably.
K ey wor ds: composite ground under flexible foundation; analytical solution; load transfer; relative movement
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3 EAXRREKL
(1) FPIERE . #2 . Bk B+ %

] [ 5 () B AR L 4
(2) BRI =R, 12w A7 i) LLZ o
(3) My NEMNZ L AARKH Winkler HiBERIR 4T
.
(4) (RBH L A RN
zaa  BC-Y 0
= + A - a +C = ,
W, Sw, tAg et G ®
A wy o w AR N SRR, 208
FNMEBERIT AR AR B & B, A BRI Co o
FEREG v AT B FE AR O Ze )
(5) HZB AR
W =W, +Azg:el+£2
Lo

e +C,+ , 2)
o

X Wy~ W BRI EZ BN SRS, Ags
zZ, 1 Co T e KL
(6) HaiAB A ARy
B(L-1 o]
%:%+&§~i§%—€aug;, (3)
Ay wy o w A BERIBE R L AL RS, z, BER
PRI, AT C N E R EL

4 RPhFERRE
4.1 FMHEMSTIRE

I - (R A A 0o 8 5 38 S BT R T AT R A A A
JR s, zBm RO E (LK 2 (@) IR dz 2
FERITLBAE BN S, %A 2 I DKl 3 (a.

LT

T

G +doy,

(a) W4

Tsa

rooodr
Org

| sht4t

Ops+d o

(b) shLt
3HEITBBRTS
Fig. 3 Elements for analysis within the range of fill
HE0 (D) X r SR E, 151 BT N AR Y
DAL



660 E s R D = <O 2010 4F
2 ¢y 0 €1ae L0 2 fyu

Os :M:ﬁigl- BeB a L - f(l’) :Lé}(‘ﬂ.- BeB(a v - B_eB(a 1)1]0 (13)
r azg P 2a(1+m;) gr & g a ¢

_AE 2y gt

2a(1+m,) 7,

X, B ABRIEE LR R, m bR ARE L

TRALL, a WREMACEAR, b AN X s 12,
=D, t, =0 LU

u
-I-
|
y (4
|
t, =Cg, = b

b
1-Bea =0 , (5)
R (5) AT ME—T1) B.
Hr=afy
—eq = AE Z
tfsa _Ggfs - 2a(1+ ms) ZE (l B) ° (6)

A A AR T AT 45
na’(sy, +ds,)- na’s, - 2nat ,dz=0,
15

2
_adsy, _ aE, de, aE, d"w,

U = = o 7
a2 dz 2 dz 2 dZ Y
WorfEat (6) ,  (7) BSR4
d? U
V\:fp - Dli , .I.
dz Z i
(8)

_ AEfs(l' B) Y
boarm)E, |,
Koy RN (8) By a4+ Bo A AR A
KA T R

wfp=D1§—Ze+Mlz+M2 NG

K, MR My 558 R 3L
TR (9) T LUHE S H P 1A Y 7 R A R

I
dw,
Sfp = Efpefp = Efp dz
22
= DlEfp£+Eprl ’ (10)

X, Ep W LB TR R4
AN LA 32 )P4 (LKL 3 (b)) AT
(5, +d8 (m(r +dr) - wr?)- s (x(r +dr)’ - ar?) +
2nrt  dz- 2a(r +dr)t, +dt,)dz=0. (11)
e BRI, dtsz%dr 5
dsfs :(}tfs +&)dz:[gii(l_
r r r2al+m,) z,
BeB(é_l))- —?B S EeB(il)]dz: f(rZdz,
2a°(1+m,) z, Z
(12)
/\I:'j

X (12) BEATARGY o] LA RSP AR N ) 3RIE
EaWp

S = f(r);—ze+M3 . (14)

4.2 BRESHEDR

ERZ T, BUKE N dz N AR ST
X%, Wik 4 R,

LBt SRR, AT AR R Bow,,
S g S g KM

& 720
W, =D,c—+—=+M,z+M; , (15)
07 T g
p, = 2L B) (16)

a*(1+m,)E,

A w, WRZEBON AR B BRI AT

M4, E, B2 N ARG Ms, Ms
WA E R m A RZE B AERIARA L o

dWc e 22

Scp =E.e :Epd—zp:DZECng+2—

6
cpcp G Za;-*—E M

cp' 4’

(17)
A, s, WRZEN RN

e 7206
s . =9g(Necz+—=+M, , 18
- =00gz 5 M (18)
E. €l by B? BC-nU
o =—nt= g ge's ) B i g
2a(l+m,)er a u

L Me WFEE RELL s WEIZIN AN ).
%p
L
A
T
Cept+-dogy

(a) WAE

Ois S R .

Tes+dtes l ‘QS

Gstdas

(b) ShLiE
4 BEEBTTEN
Fig. 4 Elements for analysis within the range of cushion
4.3 EEHESTIRE
AT, 3 KR dz IR, Bk 2k
W%, il 5 prR.



%55 AR

L
T

optdoy

(a) ¥

. rodr
dz

)

(b) #iE 1+
5 EEMERTEN
Fig. 5 Elements for analysis within the range of composite ground
LA B vE AR R, AT DA 30 S e B
W, s, S IRKAR:
554

Z+dr %

oitdoy

2 20

W, D39—-—_+M z+M, , (20)
&2 6z,g4
Horp D :M , (21)

°a¥1+m E,
A w AR AHIEBHARI AR E SN L
Akt My, Mg AT % E RHEESIHE; m
RN R LR TRA L .

dW 0
s,=Ee,=E,—> —DEpgz——_+EM7, (22)
dZ 2 @
X, s AR .
s _ha)gz-ii_9+Mg, (23)
2z, g

el b(t-1) B2 sl-yU
h(r)‘Zagfsm)gF(l- Be = )—;e N (24)
L, MofiE REL, s AR AR ).
BE £ g B AT s SO R T340 2 ) 55 4 1)
BNz b, B

(7]

p

n=—,

S

s 2ardr ¢

n(b?- a’ T
(b*- &)

sO'"’

u

1

g (25)
;.0 |
b

5 TERMiAARE
(1) I RIS YCRE A A AN ) A S5
B2l
Stpo “EpM; =8 o =M, (26)
(2) N A A FE AR T - 0 2 e fi [ Ab 1 ) 3% 458

&, T LTI EE R AT S A IR IR 5 661
5&AF, A
Ste " S Ste ~See ° (27)

B R (100, (14), (17), (18), (27) #]
DECE
2
DE, 2= +5 M —DzEcpgezE+i9+E M,. (28)
2z,
M,=M, , (29)

902105 (0

(3 A A L AEAE SRR S i X 2 i T A ) 2
TG
Saec =Sp Sec =S« © (31)

B R (17, (18), (22), (23), (31) #J
DECE

2 2 .

DzEcpéezc"'ig"'EcpMA:DaEpéezc' Zb 2"'Epr
& 2% g & 2z,g
(32)
M, =M, , (33)
gma+—4 h(r)(z, - Z°)o (34)
2z,

(Mh V\]9I~L1‘£?§EiﬁL—'ﬁﬂ}§Eﬁiﬁ&E‘J&%Zi%
e K
\pr = \Ncp’ W =W o (35)

BT R (D), (2), (9), (15), (35) AlLIfE
k2l
2 3

2
Z
Dlzg +M12E+M2:D2(7e+62b;za)+M42E+M5, (36)
c =C, , (37)

A= &§+%b, (38)
(5) FH A 1A B2 5 e DX i Ak 14 67 7
HEELSAT 1
Wy, =W, W =W, o (39)
B Rt (2), (3), (15), (20), (39) LA
1331

2 3

aai+i3?+M + M, —Da&“——i9+M + M,

zg 6.5 $2 62,5
(40)
afi+ A0_ A% %0 (41)

8 Agg Z, g

C2 =C, - (42)

(6) HAHIEEN AN FR N Z AT N
DSJ:WIJ :Ct(s pc Ssc)|r=a . (43)

HI A PO L AR T i vl 4



662 Fe)

+ TR ¥R

2010 4F

Wo- W  =Dsyy . (44)
HA A AR RN ENZ AT
DST‘WIJ :CO(SP| _Sd)|r:a . (45)
AT LA N AR T B w] 15
V\é_ WP|T=3:DST‘W1J . (46)

C,\ C, i Winkler HuJEfE e B (UL 1K 5
I

(7> BB RR FISh -1 BB ) 43R4 040 1
FER G H T 12

B

2 r B
0 ez Al

Vo) =g 0% M

(47
I
DJQ2;Q2+A;%43+MA%'ZJ+
giéfug-Ji”+cg:§imu»
((25'225) +(Zf6'zazf))+M6(zc_ 2 5 (49
5 IR
DJ*;*-‘;:5+M4a-@+
&5éf4%-§i”+c9:éjm0x
e NS B

6 FIEKME
LIfESTRESA AL A A, G C,. Coo
Z+ 2~ Z,~ M,» M. M. M,. M.\ Mg\ M,
Mg M 3L 18 R4, @ T 18417, #heiA
o B BRSO BER A, N ENZ RS LRTAY)
B2 HCO CA, BT C AR & 25, Rk
b B2 BE. BRIE RN )R BT (26) ~
(49) Jrfe, BHPTUAR 8 ME AL AL Gl
Zov Z,v Mo M, M IO, FARBE 4%
HU 72T DA X 8 MRJIEL, AL R X A i
RIe ) Einges Xt 2, KRMSEAH, AT
LIRS e BEAUEEREL g« AR (8] L F 12 0 FAR T 53 A7 o

7 TEMNETBERIKAEE
ST T RNZD ISR TN L
[ B DS BT, B b S A A R R )

BN AY: g 5 i Dp, o ASCR ] Mindlin-Boussinesq 1
SR A 5 RIH In [ X [ 1 43 2% sk o S G i
N ENZ AT E

COOE A A I AE T Bk 2 5 | B R B0 A ) AT e
Boussinesq fiftsk P, BIE RAR BTN g v STk
GEIGE

C2OREAM BEL Ay A BEL A 61 B2 51 FR PR 7 m]
LAt Mindlin fi#sk 73

RPN AT A B T RN I, SR
o3 2 RN AT CATHL R ENZ ARG, 5 T T
SRR I DX PR SC B S AR I 4 S SR P BR Al A2 S b ik
R

8 TIEXHInH

MR 10 2 1 S T 52 ML AR AT A 1 EE R 0 A
Jiik, St TRE S AS SCI AT 5 1L AT B E

B A — g B R LR R M M Sk
K0+361~K0+433 B KA C15 o iR At LA & A5 1
B MRS L” BLGAEAT A B, S rb g W £
B BRI ) S H A CGLrp R 25k
FBERTE A B B34 4ED -

(1) Bg¥gIE1. FEEh 20 KN/m®, B4 30
MPa, JfALL 0.3, JEJE 2.0m.

(2) 2 A 20 kN/mM®, R4 30 MPa,
AL 0.3; R 0.3m, C=0.000015 nvkPa™,

(3) BifEt: E4ititE 22 MPa, #EN 16.8
kN/m®, JAFALL 047,

(4) PEfR: 4tk 22000 MPa, JARALE 0.2,
ik 18 m, BEEAZ 0.377 m, E## 0.0344.

(5) ThMZ: Co=0.0001 mvkPa.

KA AR T H A Db 5 B 5
DA X L L2 1.

= 1MMELNESITEMER L
Table 1 Calculated and measured values of deformation

b2 A A ) A= W THI e i
F 1 /mm /mm /mm
SEQME THEE SEIME PR STilE VA
838 84.3 80 76.8 8 7.5

COBRIRATECT I NPT 5 G S b A4 4711 B
B ERARTE, SERMAETRNE Y 8 mm, THE
FRINEA 7.5 mm, “HE LSRN AR B IR
(2) 44 HEWIPESEAE T 52 & H e, hn ] )R
TR R A, 18 40 J2 B FVE A 21 1 i 3
B#>h 50.55 mm, - LUAE ] 4 (1 0 B s E /N 42.5%; 1



%55 AR, S5, T R AR K SR AR RS O IR ST 663

AR AN S SEIMAE A % 4%~ 6.25%., A LL T
T AR RS SO SR N B A M ARy
Yo

9 & &

2o, SRVEIEAN T 54 L 1) iy A s LB
E KRR b ol R w3V VAN i 1 AN
W 32RO AP L 1) 22 S o 5 ) o A i L R
N ENZR AR SRR ANy o A SO B 524 24
NEAHIENAIERIL, 2 8 A R A
[ RPE AL IA) LU IRAR TR, KSR dEat, 2
& et FENR LR A BN EOL R
(frdetk, R8P0 2 W N AMARTBIORE & AR, iar
FERT O AT, HEAT TR dRJn Sl RSB 2R
PEREA N A5 ML A SEAPEREEAT T 0, SRR
FITASfAT fR RE AT S W R e 1) AR TRIR

SE Ak

[1] ZERem. A MRS K& TN A M) 63 JE s T
Mk Hi R H:, 2002. (GONG Xiao-nan. Theory of composite
foundations and engineering applications[M]. Beijing: China
Architecture and Building Press, 2002. (in Chinese))

[2] ALAMGIR M, MJURA N, POOROOSHASB H B.
Deformation analysis of soft ground reinforced by columnar
inclusiong[J]. Computers and Geotechnics, 1996, 18(4): 267
- 290.

(B8] ¥ V. BESRAT R RSN G IR TR AT A
+FE2ER, 2000, 22(6): 741 - 743. (YANG Tao. Settlement
analysis of composite ground improved by flexible floating
piles under road embankment[J]. Chinese Journd of
Geotechnical Engineering, 2000, 22(6): 741 - 743. (in
Chinese))

(4 X 7, sRnree. 54 T Bk s R AR BT ).
o E A %25, 2004, 17(1): 20 - 23. (LIU Jie, ZHANG
Ke-neng. Load transfer law and deformation calculating of
the composite foundation[J]. China Journa of Highway and
Transport, 2004, 17(1): 20 - 23. (in Chinese))

[5] =Dy, WRMEDT, FEMRRT. HEMR 40N 55 A n A X
AR SIALY]. B TTRE %4, 2005, 38(3): 77 - 80.
(L1 Hai-fang, WEN Xiao-gui, GONG Xiao-nan. Analytica

function for compressive deformation of stabilized layer in

composite foundation under load of embankment[J]. China
Civil Engineering Journal, 2005, 38(3): 77 - 80. (in Chinese))

(6] Z=ifg 7y, MRSRmrd N &G AR BT B iR ST (AL 25 A
WI)[D]. BiM: HEIT K%, 2004. (LI Hai-fang. Study of
settlement computation method of composite foundation
under embankment[D]. Hangzhou: Zhejiang University, 2004.
(in Chinese))

[7] W25, 48 . WREHHENE G IR YIRS BRI T
[J. #1J1%%, 2002, 23(3): 309 - 320. (SHI Jian-yong, ZOU
Jian. Study on calculative theoryof settlement of composite
ground reinforced by deep-mixing pile group[J]. Rock and
Soil Mechanics, 2002, 23(3): 309 - 320. (in Chinese))

(8] *IH 4. HEAK T AN+ N ) AT, A4 1S
THE2AHR, 2003, 22(4): 674 - 677. (LIU Ji-fu. Analysis on
pile-soil stress ratio for
embankment[J]. Chinese Journal of Rock Mechanics and
Engineering, 2003, 22(4): 674 - 677. (in Chinese))

[9] RAITHEL M, KIRCHNER A, SCHADE C, et d. Foundation
of constructions on very soft soils with geotexile encased
columns — state of the art[C]// Proceedings of the Sessions of
the GeoFrontiers 2005 Congress. New York: ASCE, 2005.

[10] MIKIL Hiroshi, NOZU Mitsuo. Design and numerical

composite  ground  under

analysis of road embankment with low improvement ratio
deep mixing method[C]// ASCE Geotechnical Engineering
for Transportation Projects. 2004.

[11] % . PR T S G U 1) AR TR AR A (i 2 A
30 [D]. B Wiy K24, 2008. (LIU Chao. Analysis of
working properties of composite ground under flexible
foundation[D]. Hangzhou: Zhejiang University, 2008. (in
Chinese))

[12) &4, GrEEsR, 22Mamy. an A I 0 G SRR o 5 VR
T AL PR IGIEIT[]]. A L T REYEIR, 2003, 25(6): 715 -
719. (ZENG Kai-hua, YU Jan-lin, GONG Xiao-nan. Field
test on LSC piles to improve soft clay ground under the
expressway[J]. Chinese Jounal of Geotechnical Engineering,
2003, 25(6): 715 - 719. (in Chinese))

[13] el bk, SeHIpERE TRETIHMI. dbst: spEES Tk
Jii 4, 1999. (SHI Pei-dong. Practical handbook for pile
foundation engineering[M]. Beijing: China Architecture and
Building Press, 1999. (in Chinese))



