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Stability analysis of pile-anchored retaining structure based on limit
analysis upper bound method

TAN Xin
(Zhuzhou City Development Group Construction Investment Co.,Ltd., Zhuzhou 412000, China)

Abstract: In order to study the stability of the pile-anchor retaining structure, based on the limit
analysis upper bound theory, taking the pile body and its surrounding fill as a whole, considering the
influence of factors such as soil delamination, cohesion, anchor cable tension and the friction between
the fill and the pile body and the pile bottom, a theoretical model of the stability of the pile-anchor
retaining structure is established, and the formula for calculating the stability coefficient of the pile-
anchor retaining structure is derived and verify the reasonableness of the method by relevant
engineering examples. In addition, the influence of anchoring force F, pile diameter D, and the
lengthe bedded section H, on the stability coefficient F, of pile anchor retaining structure was discussed.
The results show that the stability coefficient of pile anchor support structure increases with the
increase of anchoring force, pile diameter, and the length embedded section, among which the
embedded section length has a significant impact on the stability coefficient, which can provide
reference for relevant engineering examples.

Key words: foundation retaining; anti-slip piles; stability; limit analysis; upper bound solution

B I 225 014 o o A %, Sl T T 45 ] ) )
FHAHOR B, il T T2 B SR STR IS B R,
AFFABESL S SR PRI TR FE T 2 420 329
SRR BETEASOCE PR UEFE T A RS E M | 18 75 AR UE
BEF B OFRETE . BUA WRFE X IR IR B WS
PER BT S T EAEZ e, EXF TR

s BHA: 2023-03-30

AR AR E VIR A BIR AR ST o ORI
BT AR S AP A, O HOT R B B AR E PR
IS

BEXTHER SO SRR E R TTH R 2 B
W B AR A BROCAH L & H e J3 B idt
e, ADcadamd o i TAR S PR AdE , 15 2041

PEBE T 1 (1987—) , 55, PR Tl ke S AT L B HEAT B B T AR



% 4 1A

AR TR LRk ey eSS X AP M T AT

KA, JFRIF e TR e PERF oY o BT g A5
G54 SR TAR Gl o B AR A B R S
FBE R 52 JJRRE O Bt R R R oA AR .
it 53 25 2ok A3 B 7 SN L 1B T S A
N T, IS T RS B AR R e M . FE A FROTHE
TS, X RS T BT XS RS AS TE f S
JHFLACY &N T W AR A ARY , R AR AT E 552
PHERTARSZ ) Z BB C R o NSO R T B ( A
LA T T T REAT S A T SR R A& TR XS
FYiRE R, wh A ET R TR R AR
25, RHER SCH S M AT N DR AR B T TS
PSR o ok B e BB, A3 BT TR
M) AP 8 2 AP A R AR PR R PR R, I X BT A A T
HEAT T AHSCHESY . i TR LU R A BRI, iF
GE T AP RERRRE R A IR Bt T 2% .

BE XA 5 AP S AR BE B 32 0 DL R R R Y B
WHESE , AR LAE S N TR R B R BR k153 T
LAY R S+ R D R 8 I A
e ST S A A 1) 2597 20 280 7 R R A A ] R
I HE T RS SO S5 R Bk [ BIR B . Rk
SEUOEE AR BR A B b BRI, R AR AR R g, 15
B 7R A S BT Bl X BR AT i E R A
YR 5l 52 SE VR FH Morgenstern—Price 325, XA 45 45 44
SCH AR AT R E T AT, IR AR 4 A 1R
A R A 3 B R AR RS E MR A . X
IRUHEE TR R A B B BRE KA AR, R
R HE Al 3R A A b i B AR RS P, O I T
BN AT Y058 . X 262 5 5i b R[] 0y B e 5 it
NS S AR E T (A R R THEA S 5 1
MIVEFIC 2 A 75 TR ZO0 S a5 i Aa E T i 52
i) , 3% @ SR AN B HY

PR, A F 5% 5L T 1 BR 23 A B BRIE AT 1
PAEREAR Sl R IAESN T, 075 1 AR5 2 R R
AN - 55 AR S AP Al A R B AR IS B PR A T 45
PRI 1 52 ), oK A0 T A8 AN REAR HE 3, 1
RE f2E Al S0V 3 Hh PR S P A A RS E T R B T
BT, USROG TR S %

1 EigEHE

1.1 BEAXRE

B NE R S AR TR R OB T
BAELUT EAEE -

D) HEERGE TR, IFH BB, A%

JENERY A EAE T, AT OB S AP A4 5

2) WERT 5 L A KPR S B S A T [
1o, YR ERIRES 4

3) AR FTAE A B B A R R T S A e, O
PR R AT I R385

4) 3 1 3 JE Mohr — Coulomb il £ v W] A4 F2
O3 A b BREE A BEABR , 755 AR OGRS Pk I 5

5) BB Ry WP A, - A8 224 T Sy 3ok 355 B 1Y)
RN AL

BEERGEANE 1R, BE+ RGBSR I
TR X BERTE AR DR SR, sl IX
BRI L R B H HL W53 53R R

H, = iHl,i
=
H, = ViHli

S, L SRS KRB S X
B

B VR T T 40 I e T
KT E BRI+ I 59 AB EG. 1,
I AHE - 1 T 52 1, 930 K 42 b 1 T
B sy, R T 5 D R TR 5V, BB X
S I 5 L A o, K TR EE B 5V,
B K BB 5 S BEARAHE S 56, S B
B 15 B 0 L T P 2 4P B T
T3V, o S5 B S e 50, BRI T RS A0 3V,
KN X B 15 SRR B 5 v, AR
Wit X 2 2 50, B R 5K T S s L
FKAEE R 590° - o, o B X2 A 590° - o, B
XS

(1)

B
F5h
X 45 6\ '
[~
VZv
o
SR

i)

1 AR I AT AR
Fig. 1 Stability theory model of pile-anchor retaining

structure

99



Xo@ A

%39 %

P LR ILR R SRR 4K -
AB z H  tana,,

BK = zHl,i
=

& H,

Ak = L'Zl Coslali
e (2)

EG = szvitanazvi
=1

DE = iHli
=

— & om,

pe = iZI COSiXZ.i

R % BR 0B L BIR 7110 AR AR e fA 2 ] ) e i
V, V, VLRV, V, VAT T A O &, H L]
FKRWE 2 FiR .

90° - 5, + 5,

90° + 8, + 8, 41/7 N —itd -~
3
(b) V, Vi Vg

B2 AR4RSikid EARS )
Fig.2 Speed compatibility field

HERELR:
v, + f/z = f/3 (3)
V,+ V.=V, (4)

HIE 2. 50(3) ~ (4) UK = I IR 7% BT L)

RN LB IE Vi 5V, Ve Ve Z RN

Vo - 005(511 - 35) SV (5)
sin(p, + 8, + a,,)
S, — o - a,,

v, = cos( b P Olm) Sy, (6)
sm(go + 0, + 011.,-)
-5 - _

v, = COS(QD, b az,L) SV, (7)
sin(oz2 - @, - 5i)

100

V. = cos(ﬁi + 51,) - (8)
' Sin(az,i - @, - Bi)
1.2 T REEEFEITE
HR 4 BR 43 B b BR A XS Bk 4= R GE 0 A 14k
TN REFEHL
1) MRS+ ABK X T g P W, o
PG S 2 A RO e B B R N 8] 1 TR,

jjg“'ﬁigrg Vlyfﬂg%ﬁ]jﬂal,i"'%,i,m"'ﬁ:
DU (9)

+ goi)cos(éb - Bi)
sin(goi + 6, + au)

cos(au

W, = S,

.V3

(10)
2) BERTHL L GED X H ) g, MZh W, 50
Fh Ejj gz,ilgizﬁ—&f Vs,i E‘J%ﬁjﬂ Tt e,
A

1 n
S, = 52(]; +ji.o 1) H,y, (11)
i=1

cos(ah

- goi)cos(Si + 5,)) '
- ¢~ 55)

W, = S,

& .
sm(azli

(12)
3) WEg S A E ) g, W, 0
M H ST g, 5 VI £f R 90°+6, , 1 75
W,, = -y S(H, + H,)sind,V, (13)

Herp, S AR I IR R, /S O TR B R E D
JERT KA R

4) ¥+ FL T BK e AERL D,

CoEBKAMEFERI,C 5V, MMz, c
A A FH PR R B A A

C, = iciHl.i (14)
i=1
n cos’b‘,-cos((?b - @, - a].i)
D = H, . -V
1 ,'ZICI 1, Sin(§0i +oa,; + 6[) 3
(15)

5) BE+ S ED RERFERLD, -
C,H ED FHH B R T1,C, 5V, I RS, ¢
R A BB SR EE R, DA

C, = > c¢H,, (16)
=1

D, = i c:H,;

i=1 sin(ali - @Y, - Bi)

cos6,-cos(§0,- -0y~ 61»)

-V, (17)



% 4 1A

AR TR LRk ey eSS X AP M T AT

6) I J5 $E - MR AL T AK ) RE A D,
C,NAK R R FER T, C 5V, WK H b, e,
b P BT R R AR, A

n C-H .
Cc, = —— L 18
’ iZl cos oy (18)

D3 = jciHl,i COSQD{COS(B]) - 51) * V3
= cosalsin(% oo, t 81‘)

(19)
7) BERTIE AL 6D e R AERD, o
C,hNGD AWM EFR I, C, 5V, WM HNoe,c
SR A BT BT BY BR EEE AR, U .

I c;H,,
G = iZl Ccos &, ; (20)
D, =
jcin,,v Cosgoicos(&- + 51)) -V, (21)
= cosazlisin(ah - @ - 8,-)

8) MEJE S I BEHEFERL D,
Co PRI A SRR T, 5 VMR 6, e,
A S AR R AR A WA

Cs = cn«/g (22)
Ds = ¢,/ S cosd,V, (23)
9) FE RPN Dy

K53 T35 VR 90° + 6, B 15V,
AR 0 907 + 8, , L oA 2R /K- [, WUIA

F
D, = —fsin‘éa siné,V,

F . COS(Bh - ¢~ au)
——¢0s0, sind, -V,
L 5in(€01 + al.i+5l)
(24)
10) gt VA7 .
Wg,l + Wg,Z + Wg,S + D] + DZ (25)

+D, + D, + D; + D, = 0

1.3 ZHPHIRERY

BT RE ARG B PE R S SRR E R F,, H
FBAN

W, + >D
poo 2 ,,sz
AW, AT S R R S A 2D O SN E
FERCR  SW A TR SN BOE S D3,
“W,,=-W,s+D, +D,+D;+ D, +Ds + Dy

Wi

I

(26)

F. =

(27)

MF=1M, R TR AR . AT
TR R BB 4+ 1R 70 3890 14 ik 2 A AT AR
R 32h R Sy W 21 457 + @2, W 8l & Ty ik
R4S - 0/2,

2 HEGEGEMREIE

VR AW ST T 0 B KT TR S
], S A S A R B R OE T R, I IS 45
5 HETRCy 35 0 A2 RAEXT F, SR
i B

PIBRUN K S 2R T 5 256 283l X Al — 3 T
8], A TR YN 3 T s X, A AL A R TR
bR A R, 45 A X S R A5 20 X3
R RE S E, TR S R G4 e B b
HEE, & TR AASHI R, R TR
FEGURE TR IR T AR S 45 A 0 H A TR
FE S BRSPS R TR AN 3 BT o

I FHAS SO BCH, R 11.0 m, Hy R 5.5 myy,
25 kN/m*, D} 1.2 m, L~ 2.4 m, 3+ JE S0k
K45+ @2, W3 T IR 457 ¢/2, IF FE 41
I8N IS AR RNR B T AR Y S i iz et
AR BIBER S AP A AR RELF R 3.591 1.

MR o SR B T S R R R ) (JGJ 120—
2012) , A1 15 F_ =3.189 6, 1% 4 5 i+ 8 45 B 4 Jy %
T, 3% A S IA R O SR A R R R R
KA WA T 5 B

R1 LEWMEAFAHK

Table 1 Physical and mechanical parameters of soils

¢ [ ROk IE| R
N el Pt %%ﬁ/gf/ R | el
= £ K

Tl g | (Nem) | kPa [T -

C) | B5iEfY | MPa

1| Zeliit | 27 18.8 50 | 11 90 3.5
5

2 1.2 19.5 24.0 16 180 3.0
Bt
4 AL TR

3 1.6 19.3 22.0 20 220 8.8
D
SR T8

4 . 5.5 22.3 20.0 20 400 -
Tk D &

101



#_

5 T 2 % 39 %

x @ A
g
<t
S 3
£
800@1 200 s,
M e i R R
1 11.0 m

3 BBAFEHMIYTE
Fig.3 Sketch of anchor pile retaining

3 SHSH

SRV AN 7] 2 06 R S 4 25 kg e TR 1
i), 3 it P AR A T FOREAR D L R i B B K L1
HUE, 53 BT 45 S 805 BEA SR S5 i RR 8 1E FUI R
R, I Pz TR,
3 AEKFEETHEEND FNBEERYFH
=10

BOUKSE [ BE L2518 1.0,1.5.2.0.2.5 m, [A] A2k
AR [ ) FRTBUE , HAD SR IR AN S A5 B7KF-[A]
B LRI A Pk R P AR ) F R SE &, I 4

JiR o
3957 —a—1=1.0m
—+—[=1.5m
—4—[=20m
3.70
3.65
T
3.60
3.55
3.50 * ‘
0 200 400
F/ kN
B4 F-FX%

Fig. 4 Relationship between F and F
ME 47T LA, YK ) B AR [ s, — 35 [A] 3
U LME R e M R Bk BERG[E ) F 3G KM
K, HARF-Ta] BR8] | 3G S8 e 5 7 A )68 [ )

102

FIVERTR , B Ik 22 B0 F 6 /K - 18] 1 ft 184 KT U
ZIN R s 9 N W it 5 7K ST TR ) 84 R I 9/ ) o
32 HEDMBEMERE F,HNZI

AR D3I R0.8.1.0 (1.2 (1.4 1.6 m, HAx 4
AR TTEREEREF B F 5DMXER,
mE s iR, MNESTTLEH  REERHF S5 H
DI RNE R, H FBED R R,
BOM0.2 m B B AR, Rt R BRI K 0.03, F W
HR AR THEE Sr gs R e e I Nz —

3.66

3.63 1

3.60

3.57

3.54 L ‘
0.8 1.2 1.6
D/ m
Es FoD%A

Fig.5 Relationship between F and D

33 #WEERKEHXEEMERE F AN

R Al S P 235 4 e [ B L K B 4390 S 10,11
12,1314 m, R 8RS 18 8 F 5 H G &R , n
K6 . IWEI6RTLLA , G HANSEOA AR, B
E R NCIE B N Vel Y G e NI (BB N
BRI BFER 1 m B E B R e MR
BAHEE 0.3, X R Wk B B FE H 6 e M R 5
F s b B i o PR, 78 TR S v, Tl 2 1
A [ B B3R, AT CRUE MRS S AR AR

4.2r
39F
w
3.6r
33 1 1
10 12 14
H,/ m
Be6 F -H,%k%
Fig. 6 Relationship between F and H,



% 44 AR TR LRkt A4 % I S AR T AT
(S2): 907-914.
4 g HAN Jianyong, ZHAO Wen, JIA Pengjiao, et al.

1) LIBRM K G R G2 8 3 ii i Al — 9 T
N5, BRI EREIR T AR
17 10 Y A 5 AR i S A A R A B RS Y R A
F, 2 AR BR 7 A B BRI, 45 21 1 B S S5 F AR
EVETTRA

2) BTN T TR S, 45 2 A A 5E 1 &
B RSP BOR R RS E PR T B A R
HE B AR SO A B A B

3) SR AT IEE A 15 BER AR A B
R A48 A Bl ] 77 B9 38 O, AP T B R )
i SCAP S R AR E TR R KOZ T R SEIE

5% ik (References) :

(1) 8l , £84, EME, 55 BRIEESUHZLIP i

PR B EAL BT[], KU B TR 2 4l (F AR B2
WZ), 2022, 19(3): 69-77. DOI: 10.19951/j.cnki.1672-
9331.2022.03.007.
HE Zhongming, WANG Panpan, WANG Lijun, et al.
Deformation evolution law and optimization design of
huge deep foundation pit excavation [J]. Journal of
Changsha University of Science & Technology (Natural
Science) , 2022, 19 (3) : 69-77. DOI: 10.19951/j.
cnki.1672-9331.2022.03.007.

(2] 5K%2, RATHE, sk . [T 43 855 2 W) 800 52 ) P 3R

SrpTT]. scil AR 5 TR, 2022, 38(1): 27-36. DOI:
10.16544/j.cnki.cn43-1494/u.2022.01.003.
ZHANG Jun, WU Renhui, ZHANG Zhichao. Study on
the factors affecting the spatial effect of circular
underground continuous walls [J]. Journal of Transport
Science and Engineering, 2022, 38 (1) : 27-36. DOI:
10.16544/j.cnki.cn43-1494/u.2022.01.003.

(3] B, sfs, J/ME, 4 B R PHEZ RS

TR BT [T]. A L J1%, 2015, 36(2) @ 340-
346, 422. DOI: 10.16285/j.rsm.2015.02.006.
HUANG Xuefeng, ZHANG Bei, QIN Xiaohua, et al.
Experimental investigation on force behavior and earth
pressure of cantilever fender pile [J]. Rock and Soil
Mechanics, 2015, 36 (2) : 340-346, 422. DOL:
10.16285/j.rsm.2015.02.006.

(4] whfidn, BXOC, BIMGME, 45 . BERS SIS RS2
ASIE KAL), MR A ) 5 T AR, 2017, 13

(7]

Analysis on stress, deformation and stability of deep
excavation supported by anchored pile [J]. Chinese
Journal of Underground Space and Engineering, 2017,
13(S2): 907-914.

X ER L RSN AR A B R S A B LT ] TR
R CHIRRLIAD L 2012, 43(7):2833-2837.

LIU Ziyou. Numerical calculation for pile-cable
reinforcement in strain softening foundation pit [1].
Journal of Central South University (Science and
Technology ), 2012, 43(7):2833-2837.

A, XRAAHE , XGE 53 . 3t R K BESUIRON, ) AT A2 A 1
ET SRR PELT ). 7 TR R 252 i (H SRRl
fZ), 2015, 34(7): 826-831. DOI: 10.11956/j.issn.1008-
0562.2015.07.012.

ZHAO Jie, DENG Linyan, LIU Daoyong. Stability
analysis of compound soil nail wall of pre-stressed bolt in
foundation pit considering groundwater [J]. Journal of
Liaoning Technical University (Natural Science) , 2015,
34 (7) 826-831. DOI: 10.11956/j. issn. 1008-
0562.2015.07.012.

LT, ROC, BIMSEL, A5 MER SIS TR IR T Z )
AN R ARG ALY ] HU T 2SS TR, 2017, 13
(S2): 907-914.

HAN lJianyong, ZHAO Wen, JIA Pengjiao, et al.
Analysis on stress, deformation and stability of deep
excavation supported by anchored pile [J]. Chinese
Journal of Underground Space and Engineering, 2017,
13(S2): 907-914.

SRR, RS PR, S5 B TR BR A BT T BROTIE Y
U AT T R A B [ ] BB TR 2541, 2007 (8)
82-86.

NIAN Tingkai, LUAN Maotian, ZHENG Defeng, et al.
Anchorage depth computation of slope-stabilizing piles
using lower-bound method of limit analysis[ J].Journal of
Wuhan University of Technology,2007(8) : 82-86.
ARIEYL, JRR I, RSRERL, A5 . OB 5T R BE A B R
AT T RITIE LT KA, 2007, 38(6) : 743-748.
DOI: 10.3321/j.issn: 0559-9350.2007.06.016.

NIAN Tingkai, LUAN Maotian, ZHENG Defeng, et al.
Lower-bound method for limit analysis of anchorage
depth of sliding resistant piles [J]. Journal of Hydraulic
Engineering, 2007, 38 (6) : 743-748. DOI: 10.3321/j.
issn: 0559-9350.2007.06.016.

103



Xo@ A

5 T 2

%39 %

[10] 2ok, FFIa, sk, 5. T BRI R HUE +

(1]

SCHFIRSO BRAT S 23 A [0 ). e L TR 240, 2020, 42
(6): 1101-1107. DOI: 10.11779/CJGE202006014.

QIN Huilai, ZHOU Yuqi, HUANG Maosong, et al.
Passive earth pressure analysis of berm-retained
excavation by upper bound method[J]. Chinese Journal
of Geotechnical Engineering, 2020, 42(6) : 1101-1107.
DOI: 10.11779/CIGE202006014.

B, BREE, REVEE, 55 55T M-PREMIHTIEAESL
PR E T[] A R, 2015, 36(2) : 451-
456, 469. DOI: 10.16285/j.rsm.2015.02.021.

LIANG Guanting, CHEN Changfu, ZHU lJianfeng, et
al. Stability analysis of pile stabilized slope based on

Morgenstern-Price  method [J]. Rock and Soil

Mechanics, 2015, 36 (2) : 451-456, 469. DOI:
10.16285/j.rsm.2015.02.021.

XS AT AT 34 5% FT 0 A A L BR 23 #r
[D]. #| K. = K K2, 2015. LIU Jie. Upper bound
analysis of stability of retaining wall and anti slide pile
with different displacement modes [D]. Chongging:
Chongqing University, 2015.

PRI & AR A7 5 RS [ ML S ok, 3% . Jb st
N RAZH H A, 1995.

Chen Huifa. Limit analysis and soil plasticity [M].
Translation..

Zhan, S. B. Beijing:  China

Communications Press, 1995.

(REHE: FF ;B BOKER; R HE A FH)

(E#F977)

2018, 55 (4)
mtt.2018.04.024.
WANG Daoyuan, YUAN lJinxiu, WANG lJiping, et al.

178-185. DOI: 10.13807/j. cnki.

Fast entrance excavation method and stability control
techniques for a shallow tunnel with uneven rock
pressure and a weak rock mass[J]. Modern Tunnelling
Technology, 2018, 55(4) : 178-185. DOI: 10.13807/j.
cnki.mtt.2018.04.024.

(12 ] BURAN, FEWIAR, A0 . XSG R 18 P 0 T3k At T

104

1oy M 0], A 012 5 TR, 2005, 24 (3 1)
2): 5727-5732.
JIA Yonggang, WANG Mingnian, DENG Dunyi. Study
on construction mechanics of two kinds of construction
methods for double-arch tunnel [J]. Chinese Journal of
Rock Mechanics and Engineering, 2005, 24 (sup 2) :
5727-5732.

(BREHRE TR TR, HXHE L EH)



