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Consolidation Behavior of Composite Ground with Short Concrete-core
Stone Columns Under Embankment Loading

WENG Jiawei, YANG Tao
( Department of Civil Engineering, University of Shanghai for Science and Technology, Shanghai 200093, China)

Abstract; In order to analyze the consolidation behavior of the composite ground with short concrete-core stone
(SCCS) columns, an axisymmetric finite element model is established in this paper. The consolidation rates of the soft
ground improved by end-bearing SCCS columns and floating SCCS columns under embankment loading are simulated
numerically. Two soft foundations improved by stone columns and concrete piles are analyzed for comparison purposes.
A parametric study is conducted to evaluate the influence of some main factors on consolidation rates of the composite
ground with end — bearing SCCS columns and floating SCCS columns. The results show that whether SCCS columns
penetrate fully into soft soil or not, the consolidation rate of the composite ground with SCCS columns is almost the
same as that of the stone column improved-ground, and is much larger than that of the composite ground with the con-
crete piles. The consolidation rate of the ground improved by floating SCCS columns mainly depends on the penetration
ratio of SCCS columns, the larger the penetration ratio, the higher the consolidation rate. While, the consolidation rate
of the soft ground improved by fully penetrated SCCS columns mainly depends on the stiffness of core pile. When the
core — column length ratio is higher, it increases with increasing the modulus of core pile. Other factors have negli-
gible effects on the consolidation rate of these two types of composite ground.

Keywords: short concrete-core stone (SCCS) column; composite ground; consolidation; embankment; FEM

R S AR RS A MR O KITPERES HEZK B AR BEAR 25 5 1) 1 45 A ]
TR EE L AL B S SRR, AR R RE Gt TR EE SR A AR 5 I

I 7% B #1 :2020-04-10 &7 B #:2020-05-01
BEEWE ) RHSGEFHLIE (2011 -02 -021)
BB RN FH (1996—) , 40 WL A M BUEBETL  BFFET7 o B+ AR BRI R 5 JEFEIE . E-mail : 1171053081 @ qq. com



112 IR R TR

%18 &

FLA WA 5 A b SR 2 7 8 RV B R 5 G b
B[ S5 P XA 5, 76 N AT RSB R
VFZ 2535 WHREE 0 A IE R A 1 I i 7R
PERBTF THFSE . WRIRAEZED B2 4 S T
FISEN AT T (I00) SR A RS B R IR B
54 M BE R R , 8 3 SIS A DR FATE ]
+ B par a4 ] - SR TR R A 2 TR A - -
2 SRR I - L R A b 3 - 1) K137 A%
RIN WA AR T R o B SR 7 2, WO HEAE 52 1Y
AEAERE A A M L 1) [ 45 s B F I b A 3 oS
BE b EB A EERE Sy, e A R
ML 2 S A R IR ALY 5K BEIE B R R F
FROGIEBFSE T 4R ST a8 it TR EE LA Ay
B L2000, W58 B TR BE S A BE RSB 000
INTF AR, B0 B 52 XA 5 | A A R LU AR
R B B AR B A B T o
ISWFFE T WL LAY T REE 000 A A = A s L 1) Ay
HAG IR, R PO BRI AL, & A T RER S far
Z A A WA B BH AR 25 M 3 - T EEAE R TR
B O AR A ML 0 [ A5 R A [ 2 Rk
ZHREFEN IR X . Zheng %" Hil Jiang 251
K = H4EA PR IT b oE 1 WIPE AL SR K e +
P REAR A M I A [ A5 e TR R B R SR 25 T
IR AP A ML () [ 235 R S b i R A st ik
BOREEE B RT K e 2 AR A I B RS EN
BERE NI RS A, A, Jiang 25 AR FRAR T R AR
TERENE] - - SO0 - b seml G U, — s
FESEN AR R T A TR EE O AR & It
LA AR AT LA B TR D A WS
RIRB I L A BN 1A YA FEHE L v A2k
Bt FsF (] A8 A 526 b 356 T 1 ARG T o0 HE K 55 R =
RSN e g S e I 235 5 T LA % R
51 A A 5T AT ) £ B A AS R B9 DR o
A0 R P A R AR B T LS A AR T
TREBE 010 0 BE A s 5L & 45 BT AR, 9K 4 BB
A0y A R R R A B — R
A [ 235 A 25, 2 28 A R R X S [ 285 e g o Al 17—
S 2 B TR 20 A A S (1 45 1 R R 5 )
BARIREE LD AHER A ML [ 25 (] 8 i 78
CLIAS TR Y 1t J , (H R 0 BT s S R (1 435 i B fe
KA EE XS WIPESEAE T (4o 2 S TR e 0 A ik
CEME S A e ARG ) B A 3L s, B
I, BE5E T W HCEH R B RIREE L S AR &
LN, TR e A B 75 45 A TR o

FEZWNEE, SHA—EF B AT H
TORACTREE 80 £ 52 5 M B 18] 25 e 1k (R DA AT
ARA W BR AW TR AL AL (52 ) T A iR B 08
AT A U JBE /N T 18 £ A58, AR SCTRT AR SCCS
BE™) S A MR [ A5 R . 5T Ik, AR SCRATA IR
TCIE SN 12 , W2 B SR A7 280 S8 A i 7K L
TRBE LA A 5 M 1) [T 25 R, )R ) D 4
J TR BRE B RD AT HE AE 5 M T 45 AR 4 3 ST
BE SN, R TR B HR S %

1 AR TR

(1) JUar BB 5 far 28 i o R ThI AR S A 28 1
AR - 1 5 SR P 8 TR 8 - 8 A AT (SCCS HiE) i
[, FIFHXSFRYE, B2 T Unit Cell HE, 128 IURH XS A
025 M HEAT BROTIE 25 0 A B an &l 1 pis o 25 1l
FERJEE H=20 m, {5 E h =4 m,120 d 58 i{3H
Plo FLIRBE LU A BRI G b TUART i 2 B
T BN SCCS BERZ M X242 v, = 1 m, A BESE R
& r,=0.25 m,SCCS M EHBRE m = (rp/re)2 =
0.0625, JREEL AT v, =00 115 m, AR &
R p = (r(‘/rp)2 =21.16% . WEIKIX 4% r, =1.5r,
=0.375 m, % & SCCS &% AT 2 4K - M —
FiE LD SCCS HEE R K H, =17 m, HETALL
a=H,yH=0.85, ®"HKEH =12 m, 5K B=
H,/H, =0.71;®) SCCS #+T %4+ ,H, = H =20 m,
SCCS BETR AL a=1.0, 05K B=0.71,

4 S h
kR i
: H,
: T
TR H,
le—Te ! |
I ” | ” 1
=t
B1 HRTKRE

(2) G2 IR FRpE, A T LA XI5
TR BT A B O KRR A 5
BRI B PSS E AR RS 2R, A HE
JK 5 BB TR IR i SR AR i) AR 8 i) 7 24 0, ANHEK 5 524 3
FLTUI O A A, HEK

(3) MBI R SR IREE L EHER L



5 4 3]

B 5 IR 28T IR BB L BB A A B M Y 3] 45 113

SRR WA M - AR R A EER - R
BA, S AR S EORNS 3 R ER 1, KT |,
L ke, 73 3 R AT P R A58 1) R 38 ) 328358 2R 50, ke, D
ke 53 30 Sk A G Sl A () 118 £ 1] R ) 9B B R B
BERIPE ) X 4 (42 B35 R ECH b, =5 x 1077 m/s,
L 0] 32 05 R BRI A ) 2= 2805 R XAk ] -+
HHIA] . R dE S R AR R R . S
BEHRPER R E 7] i AR E, FARS L w #%5C
E=(1+p) (1 -2u)E /(1 —p) A5G
WEARESE — S HEZ [ RN T — RS FAb i
BRI, S SOk 9 ], AT 5 0 R) JEE 5 R
R 0.4, WEARESE S5 Mk A RS RN 0.3,

x1 MRRESHY

" L1k AN NEERE TR BB R
PR /MPa R L /(°)  /kPa /(m-+s™)
G 60 025 35 by =1 x107
it ’ ok, =1x107
AR 25500 0.25 — — —
B (28) 0.20 38 0 —
B+ (3 0.35 19 g fwm=2x107
H ) ' k, =1x10"8
TENZE (9 0.35 19 g e=2x107

e ) ’ k,=1x10"%

(4) PItgRISr o SRR BROCH A ABAQUS
PEAT R TTA o TRBE L S HE AR SR 1R T 4 S5 Y
WIE 0 CAXA K| 73, A A 1 R R R ) —
fLIEAEG 4 45 5 LI o0 CAX4P Xl 7. 1 2 45
& SCCS WA & i3 A7 FROTIM A, 25 R BN
2 892/, AL EECH 2 640 1,

42
b st
S £ b &
~ ik
A bE 58

B2 HRTMEE

2 ARG IE

PO BTt SCCS A 45 1 2[5 25 73 B A1 R OC
AT B SR L R A 5 36 A ST A o AR AT R
JUHERY AT SCRR [ 1L ] A P R At S 7R 7K U8 ot
WOHESE G ML B 2 Re bk o KU Tt AR AR & B 5
JE 10 m, BAFERZ AR 1.25 mo AMEFE R 10 m,
FA 0.425 mo KR S HETC K AT SR, 2R
84 0.25 m, HA BRI BEIEE 0.5 m 1R
P, A B4 fir 28 100 kPa B I Ji i o 7R iR 3
FATT I YA, ANHEAK , ZE A AT % 1) 57 7%
PR AR . ARy B B A Hiok e oK
Je Bt - BbiETe Z Bl FIRD A k7 — Mk + 2 W)
SEatifih e KU b AR AP AETE R FBE R — B R
T, 3R R TR SRS RY A At R - ) AR g A
B BRSNS 125 R 80 5 3CRR [ 1L AR, 58
IKPE L BEB BN, K e LS AE AP AR TE R RS ~
FLIEREG 4 45 P Hio0 CAX4P |7y, i 4%
F 4 25 5 U B80T CAXA %14y, [/ 3 4R Scf
FROTHISCHRL 11 ] 3D A FROTIHR R TR 2 L
Fr SIS SR U, BETCHE I E] T, = e o/ H AL ALl
2o, MR ESE AR A3 IR ASCA R
JUTHIAARAT (1 52 & iy [ 45 1 il 48 55 SRR [ 11 ] 3
A REN —B, " HERREMELA T 4% o TR
WA SCA BROCHE Y B A 5w (3R, ol T
TRBE T WA A M [ 45 4 P ) BE

0

201} - FEM(CHR[11])
—o— AFEM

40}

Us/%

60

80|

100 : !
0.0001 0.001 0.01 0.1
T,

3 AEERTEELSE#LRILR

3 SAHUEIN S5

T AR TR 5 g A RN L 7R SCCS A A
FE A [ 25 R0 < oy Sexd LU TREE AR R A 3 R
A HIIEFN SCCS AR A 1 56 14 [ 45 34 2R, 8% I X
SCCS Wi & ML T S8, 5 LI R ) 225
A 70 A et (86 45 TR 1 5 T, v 1 JLART A 2
ZHL R AT R TCRER



114 TRA GRS TR

%18 &

3.1 AEEAMEELLEERRMILE

4 25 AT FROTTH RS 1 B 5 I 7k SCCS
AR AR5 i e [ 445 3 3 5 R ) B AR AR TR
B2 G M IEANE A RS B T A R A, B Ak
PR FTC i 4B ] AR T, = e t/d. ey = by B/
Yoo B4 KW, TCIBHERR BT FR A IREE LR
B Ml ] 45 f 1%, SCCS k52 4 i 6 1Y) [8] 45 3 38 Ik
Z WA A R [ 45 d PR, {H. SCCS Ak Y [ 45
REWANE G AR E T, v W, ZERE A bE
FANIEEHE, AOURIRSE = 1 2 A AR ), B
JUT- A BRI IR YA AT 52 5 b BE 7 i 253 58

0r
20

401

Us/%

60+
-k ik L bE
—o- SCCSHE
80T _a- A AL

100O,l 1 10 100

—o- VR gk Lt
ol SCCSHE
—a— {7 bE

0.1 | 10 § 100
T,
(b) it ASCCSHEH & b I
B4 FRZBEEERGESHERLEENLLE

3.2 BEGERERYMEZRSH

(1) REE L GFEAMER AL B 5 4 AR
SCCS i TF A EL R 2 1% SCCS M55 4 Hb K 1ty & 25 B
M2k, 7155 3+ 3 5, IR AR i o 3 MPa, it AE
KIEH =9 m ffEEAAE, IS5 0 W, B 7% SCCS
A5 b R 11 (36 2 3 238 B L B A LU R 5 g 4 K
X TR A BE S A BE R TG i, Ok B 2
FRIATE ] AN N2 S A HEZK I 5 720 7 4 J A Tt Jon e
PENR] L[5 45, X Ui B, ok SCCS kA 45 i B 11
FEERTRIF SCCS MEE Akt

(2) Kb, B 6 i ARSI B T i A A
B VE SCCS MEE A Hb B B 25 B h £k . K1 6(a) ik
7 SCCS HEE A b3 my 25 1, 11 SCCS #ESE
A a=0.85 fREFAA, B =0 ARG H

BB =1 WS HES WA HETE K BEAH RS, O B TR AR TR
BE AT HEAL 5 A

0.1 1 10 100

0.1 1 10 100
L
a) B iFSCCShE

—~

0.1 1 10 100
T,
(b) it /KSCCSHE

6 KL B X B4R R0

MIE 6 (a) AT LA MY, Bl S FL IS, &
T SCCS BES 73 i FE 1 [ 25 3 2B i 2 /o B P
TR I, AHEACEBER K B R i TRk
JERR AL, B PR AR I B A B i KRB SCCS M
AT MR 14 ] 235 3 R/ NI R AR, LR A
TS 4 R 23 SCCS MRS 5 L F 3] 45 3K 4 Ik
/N, I BE R I TR AR . BRRE,
TRBE SRR LAY AR ] B SCCS A G HL L 1Y
[ 25 AR MR/ 1E16 (b) 4 ik SCCS HER &
MR EE R . dr & 6 (b) AT UL, % F3w & SCCS
BEAZ 5 i B, FLTET 45 3R Bt B BB I SE /N Je
WK B =0 W N TEATAE , I 5215 1k [F 45 i A<
KB >0 WHE f i A 2SS SCCS HE, 5245 Hu 3 114 [
SEHRIFIRAE /N K B>0.5 LUE , BIFAHEK



5 4 3]

B 5 IR 28T IR BB L BB A A B M Y 3] 45 115

SR BE A B TR T A A e ) R O S 7
SCCS MR A i [ 45 0 R IR K. Bk E,
K it 7 SCCS kA2 A b 3k 161 2 3 246 11 52 i AR
WNo LGB 6(a) FIE 6(b) "I AT, T J& SCCS Hiig
BHFTZE A O L B AR AL 0T 52 A L 1 ] 25 1 %
A2 MAAR 7N
(3) WHER I AR, RIS I AR
p WARE X} SCCS M A M K& [ 45 3 i 2, &1 7
25 R TRLE AR AT 75 705 28 i 2K R B 77 SCCS BEAE
B EE A 25 B £ TR SR R RE B =0. 71
AAZ . T (a) AH, ETE SCCS MEE A b 5L 1 [
45 R 3R U AT TR AT 5 0 23R 110 184 T i W AR AR 0N
7(b)FEW ,p M 0.04 %] 0. 64 B iy T ¥ty A AR
W A 8 o0 foff 42 4 b 3R ) o] 45 5 SR 086 K, {H p >
0. 64 L) J5 5 £ i 35 [ 245 38 556 S /)N, 3% S Fh
ATHEAR TSN G | R A2 A i e 3] 285 Yok 3R ik /) ) W R
T T S ARGE AT I 48 i 5 | R A 3R [ 4 3 4R 4 i
MO o St AR SCCS kA2 £ b 35k [1 45 135 oy £ 1% L 5
FIARAT , 1 BH 3t K SCCS A &2 A b 5 [ 45 38 R 2 00
PER T EE R /N, 2558 7(a) FIE 7(b)
AR ST AR IR 5 S0 2R 194 5 X ity AR R 77 SCCS
WS A b I [ 485 3 R 1) 5 M R AR /N o
0
20

40t

Us/%

60

80

100

0.1 1 10 100
Ty

(a) B IFSCCSHE

Us/%

0.1 1 10 100
Ty
(b) %iit AASCCSHE
B7 a8 NESERRHZIME

(4) HERIEE . 8 25 Ak - HEla] A L
E /E BT 8 Ml K SCCS A A Hl B 5] 25
HARRL, E, =3 MPa, % JEESHEAT R K JE 1

ALENREE L E/E AR50 ~9 000, di
7K SCCS Wi A Hb J [ 45 1158 v 25 [& SCCS #F 5
[ B H0.30 F10.71 —FiENL. Kl 8(a) KW, T
OHEFT SCCS MEER &R IE, i E,/E 3N, %
7 SCCS kA2 £ b o [5] 25 3 S48 {0 G 1 K, S A )
JER A X 28I SCCS AR AR 45 b 56 11 [7] 235 3 232 52 i)
B/Ne I8 (b) FIE 8 (c) W I, 5EF SCCS HE
A M AN R] SO W EE ) i 5 R B A G : 2K
HeA/N(B =0.30) REGEHE 5 A B, B S0k I
Hn, sk SCCS kA2 A Ml 5 iy [ 45 o 58 (S W g 384
U T AT I B A9 5 i 358 7085 S K A K (B =
0. 71) A& A B B I, 3 A SCCS Wi & b
FER [ 45 ARBE B/ E BRI R R

0,

a=0.85
20+

40F —* Ey/Eq=50

8 o By /Ey=100
S 60l —am Ey/Ea=1000
—o— F,/Eq=5000

80| - Ey/E4=9000

100 . .
0.1 1 10 100

T,
(a) L IFSCCSHE(B=0.71)

20

40t

U:/%

60
o/ Ea=5000

Q0L —e=Fip/Ea=9000

100 s -
0.1 1 10 100
T,
(b) ¥ ARSCCSHE(B=0.3)

20

—a E/E=50

4ot

N —o— Eo/Ea=100

S g0l —a-Eg/Ea=1000
—v- Byl Ea=5000

80F —e Eu/Ea=9000

100 1 1 iy ¥
0.1 1 10 100
7,
(c) ¥ FRSCCSHE(=0.71)

8 E/E,NEGHEEH

(5) BEAMESENIBEE . R FT A E e NI i AR
fEXF SCCS WA A M JL [ 45 2 R A 52, [ 9 45 1
AR RESE - BE] £ G E/E, R 277 Rl R
SCCS A2 & M L [H 45 Hh 28, £, =3 MPa {4541



116 IR R TR

%18 &

AR o H TSR A PP A A A s R 114 A M PR A
K HE P E/E B0 ~ 30, SRS,
AT AR SS9 A8 A X0 A P2 A 7K SCCS A 4 3
B[] 45 AR AR/

4 45

(1) Joig SCCS MR T 57k 1, SCCS #EE &
M P 5] 45 3 55 [ RS A e A B A2 5 i R
HIT, 1R RRE AR B LA B

(2) &7 SCCS RS & My Ak Y I8 45 5 1 1Y [ 4
AR T SCCS BEBTA L, BUABOR, &
M HE A [ 45 0B PR o S EE U AR AR e
W B2 B AP RE MR AR /N

(3) iz SCCS MR G M ALY [ 45 R 8 5
SHERINIEEA K o 8K L BRI, AW BE O
O Ml R ] 205 A 3 P 3G TR e 3 o S G O A
T35 B R A AL X i AR SCCS Ak A2 45 3k 14 [ 45 i
IV BAEN o B U/ AR W A9 22 1k
WAL G HIL A [E S5 3R

SE Lk

(1] BRRA: BXLEIN, FEIE 2. R BE T A A 5 4L
ARTEAL B Sk TR R R pg R [T ] i T He R,
2007,36(1) :70-72,78.

[2] HanJ. Recent research and development of ground col-
umn technologies[ J]. Proceedings of the Institutuion Civ-
il Engineers Ground Improvement, 2015, 68 (4 ) : 246-
264.

(3] BRfRA:, ELE, AN, 45 IR BE L5 A iR 5 3
MR ] . & T LR ,2007,29(7 ) :957-
962.

(4] JRHEE, ER3C TR, 55 TR EE L SE AR &
HEK B S5 R Sk g iz [J]. 28,2007 (12) :4-8.

[S] RHEZ BN, PR A, 45 i B SR A 3T IR Bk
TS AR G MR TE SR EROET]. A
+ TRE#4,2010,32(12) :1829-1836.

(6] FJTHI, AR, K, % R EE LA R &
HEhin [ 5 B B R X B wF ST [ ). KA A 4Rk, 2007, 38
(S1) .675-681.

(7] @& AT 7, KSR, 45 IR BE B0 £ BERY TURE
Bt LR Lot FLBR K B T3 2246 [T ] K RK s T 2
#%,2006(4) :4145.

(8] JEEZ WIS, Xk, 5. IREE TSR A BRI 3 il
A BRI, e BBURFIEREFE [T ] KA K iE TR
#2,2019(1) :18-27.

(9]

[10]

[11]

(12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

(20]

(21]

[22]

WL KA 5, X AR Th BRE L O A A A A 1 S
DUBEBE AT [T ] R RE2 4 (A ARFHE M ,
2015,35(1) :41-48.
Zheng G, Jiang Y, Han J. Consolidation of soft founda-
tions treated with composite columns [ C ]//Proceedings
of the Geo — Shanghai 2014 International Conference:
Ground Improvement and Geosynthetics, Shanghai,
2014 :98-106.
Jiang Y, Zheng G, Han J. Numerical evaluation of con-
solidation of soft foundations improved by sand — deep —
mixed composite columns[ J]. International Journal of
Geomechanics, 2017,17(8) :04017034.
Ay g GG g . IhR S IR BE D A b
EAHIEE S INEL ] TR ))5,2012,29(6)
218-223 ,240.
Ay o K, SR, . IUhR S IR BE L SR A b
EAHWIEFE LS —BO% [T ]. TR J)5:,2013,30(11)
127-135.
YuJ, Cai Y'Y, Qi Z B, et al. Analytical analysis and
field test investigation of consolidation for CCSG pile
composite foundation in soft clay[ J]. Journal of Applied
Mathematics, 2013 :795962.
AL A e R A S5 2B SRR A R 25 TR Bk
DA BE S A B S AT AR ()] A R,
2013,34(10) :2835-2840,2856.
F 2, e, AR B AT IREE LS a
BEAZ A Hb JE [ 45 i A A F 5 [0 ] B 2 7, 2015,
182(5) :66-70,80.
e, £, BUST, B R L IRAR LR
CCSG MR A KL B &5t [T]. & 1+ 12,2015, 36
(S1) :639-645.
Wdett, K m &, i IR BE LU A A S Ak
WIESTHFELT]. KRS TAER,2016(3) :46-52.
MWL, RIS S, 5K 4R s BRI AR U T IR BE
LB AR A ML SRR EE AT [T ] e
#,2016,37(12) :3356-3364.
KEH T BRSO B RS T AR
BESE A M AR 5 o] (] 45 A [0 . K] 5 S A
Z#4,2015,13(1) ;130-135,143.
R, TN BT BEHE K BE T A BELASOW X B2
ML HETH S s e [0 ] KA 5 ST C R 4R,
2014,12(3) .90-93,114.
FER,VF WO MG, AR B IRAR R B R R W
RS 5 iy RE [ 45 A AT e [ ] KA 5 3 3R R 24,
2013,11(6) :134-138,161.



