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Improved circular arc sliding method for basal heave stability of
excavations in soft soils
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(1. Department of Geotechnical Engineering, Tongji University, Shanghai 200092, China; 2. Key Laboratory of Geotechnical and

Underground Engineering of Ministry of Education, Tongji University, Shanghai 200092, China.)

Abstract: A large number of braced excavations in soft soils have shown that the safety factor of basal heave stability by using
the circular arc sliding method suggested by the current codes in China is too large when the insertion ratio is small or large.
Based on the finite element limit analysis, the existing problems in the current codes are deeply investigated. The variation
mechanism of the safety factor of basal heave stability, the circular arc sliding radius and the anti-sliding moment of the
retaining structures is clarified with the increase of the insertion ratio of the retaining structures. The formulas for calculating
the upper and lower limits of the insertion ratio of the retaining structures are further established, and an improved circular arc
sliding method for basal heave stability is proposed. The rationality of the improved method is verified through a comparative
analysis of engineering cases. The improved method has addressed the existing problems in the current codes. It may provide a

beneficial reference for the design of retaining structures in deep-braced excavations and the revision of the current codes.
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Fig. 1 Diagram for calculating basal heave stability of excavations
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Table 1 Parameters for homogeneous soil

HEy RN NEEM q/ H/ hel
(kN'm3)  ¢/kPa o/(°) kPa m m
18 14.56 21.59 0 10 2

R2 pRETESH

Table 2 Parameters for layered soil

+E O kRER BEY gmy AEEA
= m (kN"m ) c/kPa o/(°)
1 1.55 18.0 5 10.0
2 1.70 18.6 19 17.5
3 1.00 17.5 14 15.5
4 3.30 18.5 7 28.5
5 1.60 17.5 14 15.5
6 9.50 16.8 11 11.5
7 8.60 17.4 14 13.5
=20 kPa
T —2.0m
T R m
-5.5m I )
H=9.9 m lb (4)
—9.0m el
R [ h=o9m T )
- 2 |
(6)
D=141m| oo
@)
M=800 kN-m/m
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Fig. 2 Section of retaining structures for layered soil
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Fig. 3 Calculated results of safety factor
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Fig. 4 Failure modes of basal heave
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Fig. 5 Moments of retaining structures
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Fig. 6 Analysis model for force of retaining structures
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Table 3 Parameters for homogeneous soil

o HE y/ I P R A
RIS (kN-m3) c/kPa o/(° )
YR 5 1 18 14.56 21.59
YR 5 2 18 30 35
YR 5 3 18 5 5

*4 PERLEF 2 HESH

Table 4 Parameters for layered soil of example 2

R +TEEE EEy EESH O AEEM
=T -3
(kN'm-°)  c/kPa o/(° )
1 2.160 18.50 20 20.0
2 1.850 19.10 26 17.0
3 1.600 19.30 5 31.5
4 6.000 17.50 14 14.0
5 7.000 16.90 14 10.5
6 9.500 17.70 16 14.5
7 7.000 17.70 18 13.5
8 9.500 19.30 5 30.5
9 2.900 18.60 26 14.5
10 13.850 19.20 4 31.5
11 10.750 19.60 2 33.5
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Table 5 Parameters for layered soil of example 3

R LR ERE HE RS WEEEM
=M T 3 o
(kKN-m ) c/kPa o/(° )
1 0.97 18.0 10 8.0
2 0.70 18.8 15 23.5
3 7.80 18.5 2 29.0
4 4.50 18.1 9 18.0
5 2.00 18.5 2 18.0
6 5.50 16.8 16 13.0
7 8.50 17.2 18 13.5
8 3.80 17.6 21 14.0
9 5.20 18.3 9 27.0
10 5.50 18.0 19 19.0
11 3.50 18.3 2 31.0
12 6.00 18.3 2 31.0
13 4.50 18.5 2 32.5
HIZE 6 AI 1. 24 D/H HUNFRME, (M2 /(M M, )

FF 5 1.003: 4 D/H B EIRME, /M2 /(M M, )
(T34 0.162. 18 7 33— B4 T (M 2 /(MM ,)

ISP 5 2% 6w X I B S 2 IA) AR R 25 1 5
EE 7 AT Y D/H BURBRAER, 82% 511
X IRZELE 20% AN 24 D/H B ETRAE, 68%E 51

MR 20% LUK . KRB (M /MM, ) Feke

A D/ SR TME M, . M, . M, =% 5B R A
M. TIN5 D/ BRI,
M, My, M, ERAEENTR YR,

JM (MM, ) =1.003 . (8)

2 DIH B ERRERS, M, My, M, SRR

TRA:
,IMP2 /(MFMpa)=0.162 o )
X (B, (9 AWAMES: OBAF R, ERJL
YO Re ORI S @iZ ik REE A T340 1, tidE A
ToEL, ANFEX LARSEEHATINBCEE .
120 o /i FRRMEX AR
—O— D/H ERREXTRIZER

HRRZE/%

7 HENRETEER

Fig. 7 Calculated results of relative error
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FERE T HE R I FHEA G, FRYER
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Table 6 Calculated results of relevant parameters based on finite element limit analysis

wppn  mpgn 0OMd M HPR BT A R T D/H BT BRAE Y D/H B F BRAE Y
VISR AT m kPa (N'mm) p/g FIR D/H EIE M, M, u7imm,) M, M, | [|u7imm,)
1 10 2 0 1000 0.700 1.700 176 5669 1.001 652 59864 0.160
2 10 2 0 2000 0.800 2300 243 10869 1.231 882 120220  0.194
YR 5045 1 3 25373220 1000 0.118 0.631 174 5525 1.020 1150 73218 0.109
4 25373220 1500 0.157 0.748 216 7430 1.184 1420 106070  0.122
5 25373220 2000 0.195 0.827 266 9832 1237 1671 142670  0.130
Y30 2 6 10 2 0 1000 0.600 1.800 176 5674 1.001 650 60094 0.160
7 10 2 0 2000 0.900 2300 263 12358 1.109 879 120740  0.194
8 10 2 0 1000 0.600 1.800 175 5691 1.002 688 69635 0.144
9 10 2 0 2000 1.000 2400 328 17888  0.826 901 130700  0.184
Py 51 3 10 26.093.2 20 1000 0.115 0.651 198 5909 0.925 1266 86059 0.096
11 26093220 1500 0.153 0.728 250 8282 1.042 1419 105820  0.122
12 26093220 2000 0.181 0.767 295 10592 1.131 1545 123750 0.145
13 9.9 0.9 20 500 0.560 1.515 141 3690 0.693 499 29836 0.130
251 14 99 0920 1000 0.800 1.900 217 8075 0.755 719 66517 0.145
15 99 0920 1500 0.849 2249 231 9670 1.004 865 101310  0.160
16 25953220 1200 0.154 0.424 262 8024 0.828 953 40013 0.194
S 2 17 25953220 1000 0.116 0.424 208 5823 0.909 930 34505 0.177
18 25953220 1500 0.154 0.462 256 8084 1.043 955 40775 0.240
19 25953220 2000 0.193 0.539 306 10630 1.109 1121 57087 0.250
20 20.083.020 1000 0.175 0.697 211 5734 0.909 905 52271 0.145
25 3 21 20.083.020 1500 0.249 0.747 267 8412 1.001 1281 62221 0.168
22 20.083.020 2000 0.275 0.847 306 10670 1.107 1314 74158 0.203
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Fig. 8 Calculated results of circular arc sliding radius and safety
factor for homogeneous soil
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FEGT LA S SE R T A B 10 BoR s HAASELER 7.
P4 R R PR 2B 1 5 AEEY 1200 KNemym, TSRS 2%
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Fig. 10 Section of retaining structures of case 1
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Table 7 Soil parameters of case 1

e LERE EHEY BESH WEEM
B ) s .
(kKN-m”) c/kPa o/(° )
1 1.08 18.0 10 10.0
2 1.72 18.4 18 19.5
3 1.08 17.5 13 17.5
4 2.32 18.7 6 31.0
5 3.40 17.5 13 17.5
6 10.08 16.8 11 11.5
7 6.64 17.4 13 13.5
8 12.76 17.8 17 20.0
9 13.72 18.3 6 31.0
10 3.28 18.0 20 20.0
11 2.24 19.2 32 19.0
12 11.68 18.8 3 33.5
13 9.96 19.0 29 19.0

(2) sifg 2
SR 2 N TR E YT, FEYUFRIRE N
15.15 m, BEYUZaEYHN—%. B 415 1000 mm
JE 32 m PR N IELE, A REN 16.85 m. KA —
TH 800X 800 £ fifj Vit - SCHE A 3 1 ©609x16 R 3L
P, I NESCHEIFEYURIAE SN 3.1 m, FEpd

RS2 S E 11 o, TASEULER 8. #4541
R AR RSB 125 45 HY 1000 kKNem/m. 1% 3E5T OV %4
FAZRIGUR, A YRR ) 8,

4=20 kPa
ism  tb PP
T ~y o)
-585m | oo @
-9.05 m > 3)
H=1515m | _-12.05 mli -------------------------------------
he=3.1m @)
4 B
)
D=16.85 m
1000 mm ity Fiigiss  ©
)
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Fig. 11 Section of retaining structures of case 2
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Table 8 Soil parameters of case 2

TR HZ BE WEEM
m

TR

y/(kKN'-m3)  c¢/kPa o/(° )
1 2.2 18.0 10 10.0
2 1.8 18.8 22 17.0
3 6.2 17.7 12 16.0
4 6.1 16.9 12 11.5
5 59 17.5 16 13.0
6 6.3 18.0 16 18.0
7 10.1 18.3 15 22.0

(3) sz 3

SEfp) 3 N TR E YT, FEYUFZIRE N
14.7 m, YT 2EHN—%. KA 1000 mm JEHL T
HEAEREVE N EE R, BRRN 32 m, HRANIRE N 17.3
m, BEIGAR I N+3.0 m. BEESRAEIE 800X 1500 J&
LSRR 3 AR IR RS P609 X 16 R
Y, B NIESCEFIRGURH MR RN 32 m, T
LAY S ARG A 12 . BARSEOLE 9. 4
Y A PR ZEPE S HEL 1000 KNemy/m. % FEHT O %
IR, A H BT B e

¢=20 kPa
o 095m  f bbb
> 1
—46m By
- (4
H=147m| =81m
-11.5m >
>
Thc=3.2m ©
IO\ E—
D=17.3 m )
1000 mm 5 #b T 4%
®
BN )
(10)

12 25 3 B s ir Rl m El

Fig. 12 Section of retaining structures of case 3
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Table 9 Soil parameters of case 3
Lpge TEE O EEY EEN WRER

FE¥ /m (KN-m3) c/kPa o/(°)
1 1.70 18.0 10.00 10.0
2 1.30 18.4 22.00 16.0
3 1.40 17.3 12.00 17.0
4 0.90 18.9 7.00 31.0
5 1.70 17.3 12.00 17.0
6 9.80 16.7 13.00 11.0
7 7.20 17.6 17.00 13.0
8 6.70 18.1 18.00 19.5
9 3.20 19.8 48.00 16.5
10 7.00 19.1 0.00 32,5

3.2 REFRHNE D/H TWHEEHH

FTIRBR A BR Tei% . BT IS [ 9 3hik &
A R I BE T EAN S R R L D/H
MRS E Za R 4R IE 13 Pos.
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3 e
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% 3 W SEhR D/H =1.112
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5 BRSBTS
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L [TO AR Bk
% 3 S2BR D/H =1.177
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Fig. 13 Variation of safety factor with D/H

H1 P& 13 AT, SR P A SC O I 90 Blhidi it B Bt
W Ao 22 4 R AU D/H IR AR 5 R BR 20 H A PR
TCARAER WG, WG T IATRNE R 3k L
AEHIR, BhF o 1 DTG R S0 s A7 AR
MR 2 D/H /N T35 T BRAE R, SR A SB[
I BT B R 2 4 R B A T RS
3.3 ETF bR D/H WHEERNITIESEIL

® 10, 11 HHGHT 3 ANTREEEIFESLER D/H
AT R I B4R S 4 RO RS R . K 10,
11 Pk S5 AR BUATHE [ 9 Bl R A [ 57
AP EBAT B IE TR il 24 R 8, Aot R
S B T IR ANZ — BRI, AHX R ZE AT 2 10% /2
o

=10 BB FRITESER
Table 10 Calculated results of the circular arc sliding radius

Iﬁmﬁﬁﬂﬁﬂﬁmﬁﬁ&ﬁﬁﬁ$mﬁ%ﬂﬁ5&ﬁ

Z%@ ﬁ;fnliﬁ iﬁﬁj‘i‘” e WEhEm % ﬁgﬁfﬁ
1 13.750 30.75 +123.64 15.600 +13.45 +97.12
2 17951 1995 +11.14 16.459 —8.31 +21.21
3 17.510 20.50 +17.08 17.075 —2.48 +20.06

PRI N N o7y A NP N T
* 1 ETREITREXHNRERZBITHRER
Table 11 Calculated results of safety factor defined by strength

reduction technique

ﬁii*ﬁfg\ TTHL i BUEEL o MGG E0R
piggs DT EBIIL T ol T, " Jrk
Wt Mk i iR

1 2.022 2954 +46.09 2.137 +5.69 +38.23
2 2.011 2.576  +28.10 2.020 +0.45 +27.52
3 2.027 2584 +27.48 2.193 +8.19 +17.83

% FE R 22 4 ZRHUE SLIANIR], 31X BRI AR BRT-
S SCEFTHR 3 N TARESEBI ) 2 4 R 8 45 R IR 12
KPR RERY . SR ABUT RGBS 307 5
24 BBUBCR AR SCOSCE 7 i vk B3 i 245 R R Al K
X5 R R T IRGE TR S5 R
* 12 ETMRTPEE XN RERZBOTHELER
Table 12 Calculated results of safety factor defined by limit

equilibrium method

T2 s AT G 5§ AH X R/
Y5 IS EEIES [ S B %
1 2.537 1.928 +31.59
2 2.369 1.884 +25.74
3 2.385 2.047 +16.51
4 25 1

ARSI PR BT AT BR T B RS R R E
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