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Design Method and Its Engineering Application on a Combined Method of

Vacuum Preloading and Pneumatic Fracturing for Soft Ground Improvement
YAO Yu, HUANG Dequan
( China Design Group Co. , Ltd. , Nanjing 210001, China)

Abstract: The combined method for vacuum preloading and pneumatic fracturing is a new soft earth foundation treatment. It formed
a series cracks when the high pressure gas entered into soils, then the penetrating quality increased, the settlement rate was accelerated
and construction times have been cut down, thus the goal of economic efficiently reinforcement of deep soft foundation been achieved.
Based on the purpose of settlement deformation controlling, the design principles, design contents, parameter choice and design calcu-
lation method was put forward, by the combined method of vacuum preloading and pneumatic fracturing for soft ground improvement.
After that, the method was applied to the deep soft soil improvement of Funing-Jianhu Highway, some indexes was monitored such as
ground surface settlement, horizontal displacement of deep soft soil, and CPTU static point resistance and good effect was obtained.
The design method can be reference basis to engineering application.
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Fig. 1 Schematic diagram of combined method of vacuum
preloading and pneumatic fracturing
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Tab. 1 Design parameters of the method basing on the

deformation control

. B
B T4
O e WA
ViR BT
HOKIK B . W . V0
5
' R | VT
HOKIK B . W . VO
AR R "

RIS | VR

RSP BRI B A % U
VT ACHAMALIR . 3 L% WU 45 & % Ak
R, WHAL. MIERL, EEW RIS
A5 HEKIRIORF | LB, YREE: BUEL TR
SP YL s LA BRI MO R T 5
M- AR T . I ARSI AL
KBRS, AR A
22 SEBBFLET

FURBF LA R (5 A LI HE K B o
MR L, BT SRR, MBEUE
ARG LA TR R RE, ARSI
MR, SURSFELR S T R
I BB R RSB
LRV e
221 WPUHRIER

FURBAL L TR 05 (A R4
AT, HLICE T — 8 10 m LAY (0 A 30
ORI RARH RN, (B PR
T UEVRH-E . UG T RLA B 4
AR, TR R, 4k
MOS8 A O VRIE . WA A
B T L kSR , IR HHE

h, —h,

; (1)

m



552 3 Wy, AF B AN A AR R 7 vk S T AR 143

Afe m WP IRIE s hy A TRIF R L Z R
Fs by NRIEECE R B R A O UR B 2T IR
T R, AT B A, SR EN
2.0~2.5,
2.2.2 WEEATEIEA

WA IV P 2 R T B R K YR T L
B T A A T BR B SR A Y 1A
B TR S5 BRI R A EE
G REHK R BCE AR, )7 A E =
JEFEJ B MR, HiE =B R . —
M, A A AR AS
2.2.3 kIR

AR N SCE S . BT RARUEE
ZLRORICR, BN R LR R AT SRSy, AT AN
DRI R TS RO ME T PR 7 R A o A B O
W, B R 4 RBF RIr AR ), A A
FR TR R BE A A 43 T ) — AN U B, A
TRPE TR Hh AN () | A v AN ) R <
[FIF, S T RIEEEA St i UR B RSOR I/
HIAKI LN, Ko SRt 7% 4%
2.2.4 WEIERA

AR G R B URB R BCR . i T
XA T o, — U — B b B TE R —
NRGE . A/, U MR R T AU
THRHRAERZ B — WA R m, ke —B
IPIA), PEROEAT R AEmE o REFE IR E] | [ I R]
FREASFF LI [A] B AR I3 s D 45 2%, 5 1) b 2
JEFRTE AR KEOL AU SR AT I
2.3 &ititE
231 RIHEHE

AURBF R A WUR LS R A Ak TR — it
TEBES TR . S5 DU S5 DO . e 40|
TR . AT 3¢ ) HEZK PR 39 1] 7 A B DO X L
gro RULRER AT HsX(2) 715

S =8 +8 +8. +85 +85, (2)

A S EDIRERE; S, S FTBE 8wl HEK AR 5]
PRAEDCRE R S, BRI UURE & S, D L [H 45 DT
Wt S, W HIIEIIE S IR S, AW U405 |
AITLRE

MELS EE, ERIHEL AR AR, (A2
TP AXIrRSERZ, ML, HILiHE
SERAORERA BEMELAORAIE o AR ] A A1 S0 T e Bkt

%ﬂ:ﬁﬁyqf/gﬂjﬂﬁaz

f e, ME03) .
S =S, +4S. (3)

Kb o, WUREITE SR R8, vH1.0~1.3, S,
A H 2, e — 2 [ 45 15 150 1) [ 45 DT R A X F 5
KREGIHEHR RIS i SRR Y L)
TE7.2% ~34.1% 2z 0], AN[F T2 BAH2ZE 8 K.
B EFT IR SRR 5 | R TR, AR SCak
BOZIR o U ORI R 1) 30% o
2.3.2  TJRUlHET5E

T O R AT pR R TR o RN [ 4 R A, X
(4)F(5) =

St =81 =-U,) (4)
U =1 Db (5)
n
o = Scu ey F=In"2% +Hns -
AT B (F+mG)d; 4H’ s

20 GIRRLA T S URIRIL, SR A Rk

R EAS d, 5B AR ER d, Z 18 n R
s ko Ky kg 0000 SE TR AR i B AR AR
TENBERE; HOHFRE,

HIWIMAURBRAR G S, m TR RS L
REZ BRI NEE, M H X 322K 10803 &
By BE K pr h #EAT [ A5 B S, R oR I AC
(6) ISR A AR B R AL, AR A
K105 8 AR, BROT-32 T B 0T A 1A [ 45
ARSI

i G
IOg[kpredicted =0.5 +10g [(% b R . 5(1 +W>Pw N

4 p
2
p 6 V

+1)]
(6)

2.3.3 BARREHRE

Xof e A BRI, TR S X T R 4 i ) 2R
R RS R, A B DL ) TS DR
J H bR R R WAER . AT S5 U R i H bR i 15
T B O ARRE TREHmEsR, Wik, RS
A WURRAGH TRE TR A,

PR A b SRR E 3 B vk — R IR,
Hptoe e 28K, m=(7) 115
Mbi

K
Y My

(7)



144 BT heRE s

H4at

SRAT: My, R L 59 B X L R M, P
IR T X BL O O 7 B TR P 2 8
BESL M P A DR B DG, B, M3t
B X 2 H 2 TR 7 3 2 0 9 B 3
W, S AR AM,, = Y (P, Utang)R »
o Pl SRR S R 15 U
R MR R R L S T )
B, BLHAME T A 2 .

3 I#NA

3.1 IEHR

B — I N BRI X AL T AR AR,
Jag iy BT B, M AR, M TE AR R — M AE
2.2~3.0 m, HISULASRRE, WRIREM, HbT
KOTEMFET 1.5~2.0 m, TIREHGEAEE ., %
RN LA, Sk E R (R ik 85.2% ) .
FEARPER  SREEAL . RARFLBR LR, 4k, T
PRI 25, BT LIRGES, BEREUREF R B S TR
VX I% I H 4R 25 T3 C [ A AR SEHEA T AL B

05 @ 06— To10_Gn 05
0y = —= =500 =110
2= = - =
= = - Z
SlZE @ Z= - @  Z
= == - =
=970 = R — =z
10y = : 880 1150
—200 -12.10 \/%7
= A 17.10774-17.20 “ZZ 1740
21 -19.70 -17.50 i
=20 1 2070 2 -
-20. 12240
-25

E2 BETF-BHSEAERAHEE C BEAMRIIEE
Fig. 2 Geological section map in Dongyi interflow Cramp
of Funing-Jianhu highway

RAEEEALBERE, 234 20 m LUF 704 + 24K
W e JZ2hr . K, R, MEikEs, b
WOAPHE t, LG, B 1L 4~1.9 m, 12
JRIRVE . IR RS L KB, W, EALE
o, wIRgETE, SRR, R LR
—JRETHIR 1.1 ~5.2 m, J2)E8.9~33.4 m, 1-
2a JZMid . K@, AT, EALBLL, mREE,
AL, R ER; kT 12 RZ M, 2-
la R BORE L KB @, A8, PRERGE, JRER
SRR, R B R, 2-1c ERt. WA,
M, PE ~mIORAE, TR, R IR

JZ, R+, L, JREAUZ A .
3.2 BEBRETMIGILIT

RGO, Bt SRR KR = MIE A,
[E#E 1.2 m, #d 20 m, BRHEKARFERD 32 41
#F 20 em; POIFWEE S MAIEATE, [ 4.8 m,
BT IRERER AL T 14 ~20 m, BEERS 0 14
m, 16 m, 18 m, 20 m, &4 25 mm, BEE 3 ~5
mm, NRZNE KT 1.5 MPa (3RS, WS
B SRR R iRATIE AR, BTG & A 3
&l 4 It o

S — (R S— (R S— (N — ) — i — i — i S—  —
A

A A A A
o s s e e s s s e Y s ) s

[

— s e Y s [ e Y e s s
L] ©)

[ J O o
o e O s e s e N e[ e s

o Y s s e e s s s e s
A A A A A
o s s e e s [ s [ e e s ) s

s s S S [ [ [ s S S— |

©) o ©) L] ©)
e e e e e e e e s s Y

CaHkAR O 14 mBE U A 16 mui s @ 18 mBEE A 20 mBy L
3 BSRESHKIEFEGREER
Fig. 3 Plane arrangement chart of air ejector pipe and
drainage plate

B4 BSEREERREE
Fig. 4 Sketch of air ejector connection

1520 em WhHYZ FEBRIE R G UE K, F
JEARBF AR, Km0 )2 )5 B R AT 4 A
4D, HFBROEA R TR TR . U
TR, J50H R I) TR EE (It =R A () — N U8



552 1]

Wy, AF B AN A AR R 7 vk S T AR 145

b EIHER EEE R 50 mm, FEEE 25 mm,
BEJEYN 3 ~5 mm, RZNEJIRT 1.5 MPa ()38
BHE
3.3 BRETHMEMERRASM

R BT B S LA VN ) C IR Ak Y R A PR K
J, AR RS A DG AR AT M,
(1) by RT3 o s 1) A5 Ak KA 2 B 2 o 4 ) ) OC
HEPEEAR, BB T OMEROR IR (2) X
JEIKE AT IR, FTFE43 1 B S L 25 P R
-l ) A BRR B KRR s (3) XN i s 7Y CP-
TU HESSBH 7 247 Wi, Ko s 2 40 o [ 4 44588 3 A
EAIE N
3.3.1 bRV

mE 5 Fos, BREZSBRMAEENT, miE
W, ML FRTIRE K R, UIREEURE R, B T8
20 d 24y, DRI RIS ; — HEFE R4 120
d iy, DIREERIFG B TRE. B HR&H BN,
B2 i [ b 356 1) b 3 TR S RABL 24y 585
mm, FIEZH 490 mm,

i [ /d

20 40 60 80 100 120 140 160 180 200k

—»

oo 1A —s— IR
\E & —e_iFﬂJ(TLK%
03 1
P R
=204

05

06 r

0.7

B 5 iUk RE N B B iE B 3R 4K B 2k

Fig. 5 Graph of settlement curve varies with reinforce time

3.3.2  WIZIKA R

mE 6 fFras, Es R, 5RO R 3L AR
AR AL, NRZERNRE, K
FLRE LB/ N S BRI E , AKOPAL
R RIFURIRAME, K7 B 7E — e FE B 1w BR
ITEIR A A A
3.3.3 A HESRFE % b

XM E R 2 2547 T CPTU i, il
SN, WME 7 fin. WK, FE2 ~20 m RE
P, I AR R SR BEL T 550 T R 08 #E SR BE ) 2 25 9
B RIE, N4 m REEFFLG, NS i HERBE )

200 ——2013-10-7 —o— 2013-10-26
——2013-10-9 —— 2013-10-30
—-—2013-10-22 —— 2014-4-12

-150

RS0 020.0.0.0.0.0.

Laddda<

2 4 6 810 12 14 16 18 20 22 24 26 28
R /m
B 6 sk FArFEBERT B3 i 2k

Fig. 6 Graph of horizontal displacement varies with time

ETERHEIRBH 1 g /MPa
N 05 1.0 15 2.0
2k TEESS=STTT =
4 L
6L ——-2013.87
T 1 iy
8 ——2014.5.3
g JniE s
=10
K
12 -
14
16 +
18 -
20 -
»nt

7 MERIE CPTU #EXAATLER

Fig. 7 Variation of CPTU tip resistance before &after reinforce

WL R T InERT . o, 7EREE 2 ~10 m Z[H],
[ J5 HEAR LT B8 K 29 22% 5 £E 10 ~20 m Z[H],
TN 5 HEARBH AT P32 38 24 37 %

Hi B IR WIS SR AT, B 2 A BOR nT A 280
[ M RERAR K o 3 T B T R AU
PR AR, O TR s, B R
BEVEREH ARG E , ok o> SOnHERR, AT
FFLBR A Ry AU R, I T s i 28 1] 4K
BTG, RSR AR T

4 g

TE SRS 528 BT V6 1T 5 B O 58 1 Bk i
b, PRI ) R B R A TR A S



146 BT heRE s

H4at

Bt IA, AR BOTEI L, IR 2
AIBUE LA R B30T o SRR X BT M T
BB — I e N B A AR AR T A R X [
Ja BT . TRIZKF- LR RN AR CPTU
REHITAFHEAREEAT T I, SRR

1) SR SIS TR T2 00 3] Ml FE v, e TR
KM, DURFHERER; 2120 d 247, JHiR#E
THRE, ACBRIS AR R, e TS UURE
ABTHER

2)) W RS TR I 0 B RSSO B, TR
TR PR AN SR URB R A SR Z A,
W2 LSRR 3N, A RIREREAR, nE8OR
BN

G R, AURBS RS R & —
PP | A7 R L s R AE PR T v, BRIk
AR, R i B AR A Bk — 24 T R 4 A SR Ak A
2%

S 30k

[1]  KIELLMAN W. Consolidation of clayey soils by atmospheric
pressure [ C]//Proceedings of a Conference on Soil Stabiliza-
tion, Massachusetts Institute of Technology. Boston: [s. n. ],
1952; 258-263.

[2] %% EEHOKBUREMER LA [M]. Jbat. AR3SHE
HipsA:, 2002.

[3]  #ER, $IRSC, KR Eas RO BREHER UL N E
BEERPLES EIEAITE [T]. Kis TA, 2005(9): 83-91.
DONG Z L, HUL W, ZHANG G X. Mechanism and theoreti-
cal research on vacuum and vacuum-load consolidation of soft
ground [J]. Port & Waterway Engineering, 2005(9): 83-91.

[4] VEPD, S48 . B R FRKRS SR HURTEN N
[l T R IRAT Y [J]. A 1% 5 TR, 2004, 23
(15); 2579-2584.

WANG Z W, ZAI J Z. Research on comparative tests of rein-
forcement for bridge-slope subgrade by vacuum well-point dewa-
tering combined with equal preload [ J]. Chinese Journal of
Rock Mechanics and Engineering, 2004, 23(15): 2579-2584.

[5] woak3, ke, ki@ . A BURBS iB ks R R
W (3], PEESm S, 2000(5): 58-61.

GAOZY, ZHANGM Y, ZHANG J. Laboratory model test of
vacuum preloading in combination with electro-osmotic consoli-
dation [J]. China Harbor Engineering, 2000(5): 58-61.

(o]  fh, XUR, EMNT, 5. EZHURES A B s Hok
PSS Dy RE [T]. i R 2 BARREER, 2011, 39
(2): 169-175.

XU W, LIUS H, WANG L J, et al. Analytical theory of soft
ground consolidation under vacuum preloading combined with e-

lectro-osmosis [ J]. Journal of Hohai University ( Natural Sci-

(7]

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

ences), 2011, 39(2): 169-175.

RWH, sk, bl mEsd sk 4 i 5 a0 1K
AT [J]. T HAR, 2007(1) . 43-46.

WU Y J, ZHANG M X, XU S L. Study on test of high vacu-
um compact method for reclaimed ground improvement [ J].
Harbor Technique, 2007(1) . 43-46.

BRI, AU, R, 5. LS HURIRG R SR E AR
SRR AR SRR O S [T]. Pl (A AR
BR), 2014, 53(6): 112-117.

QINJQ, LIHY, YELS, etal. Electrical properties of con-
solidation of soft soil by vacuum preloading combined with elec-
trokinetics [ J]. Acta Scientiarum Naturalium Universitatics Sun-
yatseni, 2014, 53(6): 112-117.

XARE, HHRSE, BOEIC . AHEFRLRLAS L TR 0 [ 4
HIEPRAE I [P]. P EEF] . ZL 2005 1 0038644. 0, 2007-
10-3.

FE, XAE, BUUH, . RSB E MR
B9[], A TRESH, 2009, 31(12): 1925-1929.
ZHANG D W, LIU S Y, GU C Y, et al. Model tests on
pneumatic fracturing in soils [ J]. Chinese Journal of Geotechni-
cal Engineering, 2009, 31(12) . 1925-1929.

XA T, EOSCH, FE, . BFRLEAS I E R
WFAE [J]. & TR, 2012, 34(4): 591-599.
LIUSY, HANWJ, ZHANG D W, et al. Field pilot tests on
combined method of vacuum preloading and pneumatic fracturing
for soft ground improvement [ J]. Chinese Journal of Geotechni-
cal Engineering, 2012, 34(4): 591-599.

HSCH, XIME, TEIC. MEMERT LR RO
agE [J]. &%k, 2011, 32(7): 1951-1956.

HAN W J, LIU S Y, ZHANG D W. Experimental study of
pneumatic fracturing effect in soil under overburden load [J].
Rock and Soil Mechanics, 2011, 32(7): 1951-1956.

Byenm, LT, AU . TRUE P A I A B SR AL
BT R E M LS DO S5 iie [T]. IR 585,
2011, 8(2): 29-36.

LI K Q, SHEN X Y, ZHOU HT. Large area reclaimed foun-
dation treatment engineering of Hongkong-Shenzhen western
Corridor and its primary consolidation settlement calculation
[J]. Shenzhen Civil and Construction, 2011, 8(2): 29-36.
A, BRIEVL, BERER . 5 0EHL K2 B AR A 4 o
B [J]. B2k, 2007, 28(10) . 2173-2177.

LI W, CHEN Z H, DONG Z L. Computational method for
consolidation settlement considering submergence due to ground-
water during preloading [ J]. Rock and Soil Mechanics, 2007,
28(10) . 2173-2177.

FOE . RIS S HOR B A G BB FE UE R
[D]. MHE: KR, 2007.

ZHANG D W. Pnematic fracturing theory and design principles
of a combined DJM and PVD method [ D]. Nanjing: Southeast
University, 2007.

(WEmE ARLE)



	A0 封面-封底 以此为准0707
	A1-中文版权页-以此为准0707
	A2-英文版权页-以此为准0707
	A3-A4-刊首语20170625
	A5-A6-彩页目次 P001-P152黑白正文-以此为准0707



