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Abstract: A numerical model of excavation was established in PLAXIS 2D using the Hardening Soil
model. Based on the heaving deformation data at characteristic points at the bottom of the excavation,
a limit state function corresponding to the over-limit failure mode of heaving deformation was con-
structed. To enhance the computational efficiency, the response surface method (RSM) was em-
ployed, replacing finite element calculations to quickly derive heaving deformation values at the char-

acteristic points. Combined with the Monte Carlo simulation method (MCS), the reliability of the anti-
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heaving stability at the bottom of the excavation was conducted. The results show that the variability

in the unloading-reloading modulus (E34") and effective internal friction angle (¢}) of the third soil layer

significantly impacted basal-heave stability. The variability in the effective cohesion (c}), effective in-

ternal friction angle (¢!), secant modulus (E7°) and tangential modulus (E7*) of the first soil layer and

the effective cohesion of the second soil layer (c5) had a smaller impact on basal-heave stability. How-

ever, the effective cohesion of the second soil layer (c}) exhibited a relatively large influence on basal-

heave stability. For deep excavations with silty soils at the base, reinforcing the soil within the excava-

tion effectively constrains base heaving deformation.

Keywords: Basal-heave stability; hardening soil model; response surface method; Monte Carlo simula-

tion method
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Table 1 Mean values of soil parameters
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2 83 Al 4 18 9 040 8000 73 040 15 20
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Table 2 Finite element simulation construction stages
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Table 3 Effect of mesh on the calculation results
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Table 5 Support scheme design table

P OMGERROA MERE O NSCETIN BN -k
DS W /m JE£/m J1/kN JniE /m
JEUr % 6 0.35 0 0
UE! 8 0.35 0 0
TE2 6 0.5 0 0
T%3 6 0.35 450 0
EX! 6 0.35 0 4
*k6 MELBH
Table 6 Reinforced soil parameters
50 oed ur
s (kN- (iN/ iN/ (iN/_ ¢/ (k{N- o'/
BLEZE m) ., ., . m ) ()
m?’) m?) m )
il 22 38700 38700 116 100 60 25
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Fig.9 Effect of foundation pit support structure on P,

5 & g

AXETFHEERPVESEEARTBE/RDS
M 1 T 325 T 5 e e VS e s R R R AT T S BE A T
i It BEGT R, B T 07 B aE T R X
SIAT A S O 2 AR B DL SR

(1) Ey (I 2 15hn 088 1) A M oo (A 280N PR 45
)5 U R R AR T8 A OGRS

(2) i X 30 RS e e A B2 0 P 119 52 i) e K, {H H:
JUPARZ A 5 R B AR 52 5 E 3 AR S X5 51
Pt e A 2 PR 9 52 e R 2 T HLAS S AR BUBR B
PR R AR 5o EV VET ol L b X YLK
P B R A2 5 e b AN IF BT RN R R
>l > EM>EY >l

(3) 15 fim Ml 37 355 4 A TR BE 3 I b 3% 1% 1 )R
X VA S A i I — 2 B N 7 DA Kk T A A AT
T 45 A g b B AR 0 6 R R AR A A
RO BT

S

(1] akm™ i, 2=k B BTN M BRI 0 08.11. 157 ZE T I} 343
Flepr[I] s TR, 2010,32(H 1) : 338-342.
Zhang K C, Li J M. Accident analysis for "08.11.15"
foundation pit collapse of Xianghu Station of Hangzhou
metro [J]. Chinese Journal of Geotechnical Engineer-
ing, 2010, 32(Supl): 338-342. (in Chinese)

(2] WHBEE, 2450 R BN b Bk R £ C824 bR B 2k
FEMBEEER(T) R EE IR EMT] R
Wi AR L 2010,47(5) : 71-78.

Xiao X C, Yuan J R, Zhu Y F. Recovery work of Sin-
gapore MRT circle line ¢824 nicoll highway collapse



[4]

[6]

[7]

[9]

[10]

(part ii) : implementation of recovery option[J]. Mod-
ern Tunnelling Technology, 2010, 47(5) : 71-78. (in
Chinese)

NG OGS B GO IR S R A AT R ST b
Fasl S TR, 2012,8(4 2) : 1743-1746.

Sun H Z. Research on one pit collapse in Shanghai[J].
Chinese Journal of Underground Space and Engineer-
ing, 2012, 8(Sup2): 1743-1746. (in Chinese)

oz XU SE e ML AR b Ak R S 0B 3 4 B
[J] A £ T H,2020,42(9):1603-1611.

Wang L Z, Liu Y J, Long F, et al. Collapse of deep ex-
cavations for metro lines in soft clay [J]. Chinese Jour-
nal of Geotechnical Engineering, 2020, 42(9) : 1603~
1611. (in Chinese)

TR, S WURE b T 3% SRS A AR P T B A TR T
BELT] A TR, 1983, 5(3):103-114.

Wang B J, Xia M Y. Embedment depth and Internal
force of diaphragm wall[ J]. Chinese Journal of Geotech-
nical Engineering, 1983, 5(3): 103-114. (in Chinese)
Goh A, Kulhawy F H, Wong K S. Reliability assess-
ment of basal-heave stability for braced excavations in
clay [J]. Journal of Geotechnical & Geoenvironmental
Engineering, 2008, 134(2): 145-153.

Pelbe st , e B BICHE Y — R YA IR RS B e R
R g TR BE VA B T [T] L iBUR 2 2 i (D27
J2) ,2016,49(5) : 791-795.

Hou X L., Tan X H. Application of advanced first order
second moment method to reliability assessment of bas-
al heave stability for braced excavation[J]. Engineering
Journal of Wuhan University, 2016, 49(5) : 791-795.
(in Chinese)

Goh A, Zhang W G, Wong K S. Deterministic and reli-
ability analysis of basal heave stability for excavation in
spatial variable soils [J]. Computers and Geotechnics,
2019, 108:152-160.

W, v, XA L ek gk i Monte Carlo 35 v T JE 3T
FEEPESR BT (D] 4R =5 M5 TR AR, 2019, 15(5)
1565-1572.

Cao J, Gao Y, Liu H M. Application of Monte Carlo
method improved in reliability analysis of foundation pit
system[J]. Chinese Journal of Underground Space and
Engineering, 2019, 15(5): 1565-1572. (in Chinese)
RWTE, EF SRR, % 2 RBET B 1 2RI T
F G RE L 0 A L], BUAR B O £ R L 2022, 59 (4) -
167-175.

Wu X G, Wang L, Feng Z B, et al. Analysis on the re-
liability of metro deep foundation pit system under multi-

ple failure modes[J]. Modern Tunnelling Technology,

[12]

[14]

[16]

[17]

2022, 59(4): 167-175. (in Chinese)

HERI, 2480 AR 4 R BE 5T TARAATE A2 TE S Fa
[F) R e FLAR ) < B T 14 i R AR IR [T ] T
HA,2011,40(9):1-6, 10.

Zheng G, Dou H G. Stability and deformation problems
during deep foundation excavation in soft soil area and
their control measures: stability problems during the
whole process of excavation construction[J]. Construc-
tion Technology, 2011, 40(9): 1-6, 10. (in Chinese)
T4, Goh Anthony, Ji &3 , 5% . 5 25 [A] 48 S 4% (1)
FRGURE K A TF 425 1S b T C B A w] HE BETEAR[T]. £
AL FREE TR, 2021,43(1) :54-63.

Zhang R H, Goh A, Zhou T Q, et al. Reliability as-
sessment of excavation-induced ground surface settle-
ment with groundwater drawdown considering spatial
variability [ J]. Journal of Civil and Environmental Engi-
neering, 2021, 43(1): 54-63.

TR, S O T R ARE BT S A L 2 R
BOBE (9 25 UE AT 9T (1], % £ TR 242, 2008, 30 (4
1):203-211.

Zhang K C, Li L H. Formulate and safety factors for
stability of anti-upheaval [J]. Chinese Journal of Geo-
technical Engineering, 2008, 30 (Supl) : 203-211. (in
Chinese)

o] 21 25 R YE M R Je AR B T A B B T [l i AR 9
BT AT R BEBE 4R , 2015,32(9) : 94-98, 103.
He Y H. Simplified prediction of springback deforma-
tion in soft soil foundation pit considering plastic devel-
opment coefficient[J]. Journal of Yangtze River Scien-
tific Research Institute, 2015, 32(9): 94-98, 103. (in
Chinese)

SR A b b X g AR A T 4 i O vk K AR B
[J]. 55+ TR, 2022,44(1) :1-36, 201.

Zheng G. Method and application of deformation con-
trol of excavations in soft ground [J]. Chinese Journal
of Geotechnical Engineering, 2022, 44(1): 1-36, 201.
(in Chinese)

A B DX ST 42 B IS B 1Y A PR 7T 3 A
[J]. 4 £ TRE%4R,2013,35(H4 2) :819-824.

Cao L. Q. Finite element method analysis of bottom up-
heaval of deep foundation pits in soft-clay ground due to
excavation [J]. Chinese Journal of Geotechnical Engi-
neering, 2013, 35(Sup2): 819-824. (in Chinese)
XU/, B, FEAE 45 PLAXIS 2D # 8l R k4t
TF2 TAR M 1& AT [T ], o v K2 i (A A
B2 ,2012,42(4) : 19-25.

Liu X L, Ma Y, Guo G Q, et al. Applicability of

PLAXIS 2D used for numerical simulation in founda-

713



[20]

[21]

[22]

[23]

[24]

[25]

714

tion pit excavations[J]. Periodical of Ocean University
of China, 2012, 42(4): 19-25. (in Chinese)

2 HUAEHT TR W AR B - GB 50497—2009[ S . b
AU E R Tl R, 2009.

SRR . A R TR AR e (M. R W R
JiAL, 2011.

Zhang L. L. Geotechnical engineering reliability Theory
[M]. Shanghai: Tongji University Press, 2011. (in
Chinese )

VFOE, F2 00 I [ 1L kT R R TR 5 A 2 3 R E T 5E
PEAr A [I]. Ki8 T2, 2009(11) : 55-58

Xu Y, Jiang H F, Ma G S. Reliability analysis on sta-
bility of slopes based on response surface method [J].
Port &. Waterway Engineering, 2009 (11) : 55-58. (in
Chinese)

LI, W A T 0 D0 T Y B B O A A AT R
[J].)iti T4 A, 2015,44(21) : 77-80.

Jiang K'Y, Meng L. Application of slope optimization
through enumerative algorithm based on response sur-
face[J]. Construction Technology, 2015, 44(21): 77-
80. (in Chinese)

P AN e S S RS LN VAT (U E- S 71
I i A AR B 4 M (.90 R B 27 2020, 38 (11) £ 1831+
1836.

Tan J B, Shao G J, Yu J, et al. Reliability analysis of
diaphragm wall in foundation pit based on stochastic re-
sponse surface method [J]. Henan Science, 2020, 38
(11): 1831-1836. (in Chinese)

AT, o, B A A5 L T 22 B 0 N TR 0 S BT A
Bl o [1]). 4 2717, 2012, 33(12) : 3810-3817.

He J T, Zhang J, Huang H W, et al. Back analysis of
displacements of excavation based on multiple response
surface method[J]. Rock and Soil Mechanics, 2012, 33
(12): 3810-3817. (in Chinese)

VR, B A b i X AR A A S R S B 8 T 5
B TR RLHI[C /72017 4F A [ T 78 Hb o 2 A 4F 23 4
M SR BB IE ST BE , 2017 : 143-147.

Xu C, Zhao Z W.Experimental study and engineering
application of soil hardening model parameters of Beijing
[C]//2017 National Academic Conference on Engineer-
ing Geology. Guilin: China Military Survey, Design and
Research Institute,2017:143-147.

UFRAR RV e, BT R, 45 b AACRE A A5 B 2 B0 46 B
TR AT B X R TR R [T] . R ST
T2 4], 2021,43(6) : 38-47.

Liu W H, Zhu H L., He S J, et al. Experimental study

on parameters of hardening soil model for soils and its

[27]

[28]

[31]

[32]

application in foundation pit engineering in Nanchang
[J]. Journal of Civil and Environmental Engineering,
2021, 43(6): 38-47. (in Chinese)

[y R O T e N W 3 o & A N VRGN i A i
BESHUETTE K TREIELT]. A 0%, 2021, 42
(3):833-845.

Gu X Q, WuRT, Liang F Y, et al. On HSS model
parameters for Shanghai soils with engineering verifica-
tion[J]. Rock and Soil Mechanics, 2021, 42(3): 833-
845. (in Chinese)

Zhang T, Baroth J, Dias D. Probabilistic basal heave
stability analyses of supported circular shafts in non-ho-
mogeneous clayey soils [J]. Computers and Geotech-
nics, 2021,140:104457.

TRSCA: B RS T SRR AR AR S
B SRR AR R 4 [T]. 55 A S TR,
2017,36(352) :4188-4204.

Zhang W S, Luo Q, Jiang . W, et al. Variation charac-
terization and type classification of soil strength parame-
ters based on reliability index [J]. Chinese Journal of
Rock Mechanics and Engineering, 2017, 36 (Sup2) :
4188-4204. (in Chinese)

S Ml S B Aty TR T A S MMV - GB 50202—
2002[S J. b5t R i, 2002,

Sobol I M. Global sensitivity indices for nonlinear math-
ematical models and their Monte Carlo estimates [J].
Mathematics and Computers in Simulation, 2001, 55(1-
3): 271-280.

Ji W R AGH R A 4E R T Sobol 751k 1) % TR 44
UL E PR A S R U A [T ] WL R A R (L
) ,2019,53(2) :347-354.

Zhou Y F, Zhou Y C, Zheng C H, et al. Sensitivity
analysis of parameters of storm water management mod-
el with Sobol method[ J]. Journal of Zhejiang University
(Engineering Science) , 2019, 53(2) : 347-354. (in Chi-
nese)

Tang Y, Reed P, Werkhoven K V, et al. Advancing
the
rainfall-runoff models using global sensitivity analysis
[J]. Water Resources Research, 2007, 43(6): 1-14.
SLAE AR TRk BT IV T S 1 RCR B B A B [T,
TARGIRE TR (F2230),2020,42(1) : 6469

Xia M R. Numerical simulation analysis of jet grouting

identification and evaluation of distributed

effect of deep excavation bottom [J]. Journal of Civil
and Environmental Engineering, 2020, 42(1) : 64-69.
(in Chinese)

(AXL%#.RE)



