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Reinforcement effects of optimal strategy of anti-slide piles on irregular
slopes with bedding rock slopes under near-fault ground motions
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Abstract: In practical engineering, the surfaces of bedding rock slopes are mostly irregular, and their geometrical concave and
convex characteristics and joint characteristics have a significant effect on the slope stability, which leads to the problem of the
optimal reinforcement strategy of using anti-slide piles to reinforce the slopes. This problem is more prominent under the
near-fault pulse-like ground motions with short term and high energy. Based on this, the upper-bound limit analysis and
Newmark permanent displacement method are used to establish an energy analysis model for slopes reinforced by anti-slide
piles based on irregular slopes, and the accuracy of the calculated results of the improved method is verified by comparing the
theoretical and numerical calculations of the destabilized areas of bedding rock slopes. The results show that: (1) The influences
of geometric characteristics of slopes on their stability are more dependent on the magnitude of the partial slope angle fi,
followed by the partial slope height a:.. (2) The effects of fi on the slope stability become progressively larger with the
increasing cohesion ¢, and the internal friction angle ¢,. The jointed surface angle has the greatest effects on the stability of the
convex slope in the range of 10° to 25°. (3) The optimal reinforcement strategy of anti-slide piles are more sensitive under
pulse-like ground motions than under non-pulse-like ones for irregular bedding rock slopes, and the optimal reinforcement
strategy of the anti-slide pile for upward-convex and downward-concave bedding rock slope is in the upper middle
(xp/x=0.6~0.7). The optimal reinforcement strategy of the anti-slide piles for concave, convex, upward-concave and

downward-convex bedding rock slopes are around in the middle (x,/x~=0.4~0.6). The research results may provide theoretical
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support and guidance for the optimal reinforcement strategy of the anti-slide piles for irregular bedding rock slopes under

near-fault pulse-like ground motions in similar projects.

Key words: geometric characteristic of irregular slope; near-fault pulse-like ground motion; bedding rock slope; permanent

displacement; optimal reinforcement strategy for anti-slide pile
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bedding rock slopes
QPR EIN: S WIREPS S
B 1 DA RT Ay AR T ST AR AR R AR % 1L
IR, SRAFEAL & RARRRIE, S 4% i ARAR

i—1 a.H

X, = J i=23--n+1) , 1

Ai ;tanﬁj ( ) (1)
i—1

ye=.aH (i=23-n+1), ()
Jj=1



1518 HoE L OB ¥ M

2025 4F

C4 =1+tan’s -x1 - (3)
FE=MIE EACHY, AR IE X 2 B

CE = C4, M , (4)
sin(B +6,)
An+lE = H - Al : S-in(eh i 5) (5)
sin 8 sin(B +6,)

PR B iR e SR A P R A

A, E-sin(B—a)+CE-sin(0, +a) ©)
sin(6, +a)-e% W _sin(0, +a)
ro=ro-eitee (7)

SRAG AT O HIAEAR A
Xo =Xz —Fy €080y, v, =y, +1,sin0;. (8)
OC 534S s T 4445
-k X, )= -k
_ (Y amet* Xan) — (e — k) ,(9)

X
! kAm+l - kc
yp = ~(Ve —ke) Ky n (Voam = K1 " X)) K . (10)
kAm+l - kc kAm+1 - kc
He, k, = Yoamet ~ Voam | k, = Ye = Vo
Xgme1 = Xam Xe =Xy

HT AT CAZR ST 51 2 DS TR Sep Sz e 8l X 35
AR Szpo HRAE L3 2350 s AR R AR, AR
AR I35 T 55 HTHE A S 5 N AR AR

_ Vainn = Vai

Xy =Xp Yy = '(xp_xA;)+yA;° (11)

X it — Xai
(2 [i) v 3k 2 2 ) % 3%
AR A TFBI X AC IR v, [T
CT WIEJE v, , FANXHE BC HIEEZ v®6,) » HRE
FHRBGRBNEN, HEZ 5 FAX . (AW s Xk
M Ne, . ¢ @, HE0FEEES AR E K
WL 2.
cos(6, +6—-¢,)

v, =v : (12)
cos @,
v(6,)=v- Sin(6, +0 -9, 79.) (13)
cos @,
X HSER e 2k 1) e e F13 EN
v(6,) v(6,)
= = . 14
[0 P 7o - e(eh -0, ) tan @, ( )

5+0, ==,

90° —5-0,+¢;

V(eh)

2 FHRE SRR K EE

Fig. 2 Vector plot of absolute and relative velocities

(3) REFEIHER

AR U S5 T WA 322 3 T ) P 47 T L e A 1
)RR

A E S D EAE A LU R

Py =Pypp+ Pyzp = Spp-v-sin(é — @)+
}/ro3a)~(f|—f2—fAj1—fomwl) o (15

U v NP B XGEE KN fi AR5 X T %
R N OBA R ZREG fis for foramen X fan
AT

/= (3tan @, cosf, +sin gh).e[3(eh—oo)tan¢,] )
| 3(1+9tan’ @)
(3tanp, cosf, +sin6,) 16
3(1+9tan’ ¢,)
1 L L .
fo = (20086, = cosa) sin(@, +a) » (17)
6 1, 7,

1
fort.y= s Soma, 13, =5, + (ea, =) (18)
0
1 n+l
Soa, 4

fAjl :_3 '[(XA/_xo)Jr(x’q,ﬂ_xo)]o (19)
67"0 J=m+1

2035 % e L RE ThEF AR A R
P =k, Sp,-v-sin(6 —¢;)+
k, ‘7r03w'(ﬁ -/ _fm — foram1) ° (20)
IR RE ThZ A v A
B =k, Sy, -v-cos(6—¢,)+
k, '7’?)36‘)'(/[4 —fs—f _fOQTAIM) - (2D
e fi NBNEE X IBIZRREG 8 OBAnn T3
ZH far S50 forame2 K fup TP E AR

J+1

f _ (3 tan q)r Sln Oh — COS 0}, )6[3(9h*90)tan(pr] ~
' 3(1+9tan’ @)
3tan ¢, sin 6, + cos 6, @)
3(1+9tan’ @) ’
1L . L . .
fs:_'_'(ZSIHQZ+_'Slna)'S1n(92+a)’ (23)
6 7 7
1
fOzTA,M = 610> 'SOTA,H1 =y, - Vu,, T 2y,) »(24)
1 n+l

Sn=gs D [Soua, (v, =y, +2¥,)]. (25
0 J=m+1

AR REARE T E AT BIIX L Fea X K A W
2, D HEAR
F,=c;-4C-v-cosp, +c, -CT-v, -cosp, +
L] oo
WG N, P FIARFR RT LASRAS ST A BRI 2 Y 1Y
KB hpy AWPFAHIUBHERA Tto AP, [ 75
Fp, WU HEE



57

Wostiks, S, TR ST IUGTZ 88 A R RN S5 XS B S I for BB SR T 1519

B =F, v (PEEFHK) . @)
Pp=Fp-0-ly, (PIEFFIX) o (28)
L PpE N SE, BUABER N T BRI A =
TS0, SO U BN [ 3 T e i e AT R
P+F +F=F+PF - (29)
1.2 JERLI) 55 T e 7 HeE m 5] 8 Bl m iR 5K
AIAAE T FORAS I, K- M Ik B2 R £k
U 3 2w 5 J HRODAEE L R K, B k=, BRI
T e R A 4
(+Aa)-B+k,-P,=P + P, (30)
I 35 1 e 5 Jt BRI T P AR B a, ORI S
P+P -P
a, =—""—— (31)
P+ 2P
Hp: R = 7|:P3 +ro’e-(f, - f, = fun _forA,Ml)]’

P :7|:P3 +I’o3a)~(f4 - /s _fAj2 _fOTA,,,+I2):| v B=Sp,-
v-sin(é —¢;) o
1.3 FEXUNE EHUBHEI B sk ALK
TEAL BB Z, ARSI J150 50 5 S RERE L% £
AR TE R
(4 Ak )P +k P =P +P+ol* Zo+Ls, -av.
g b4
(32)
FH AE T 75 35 A R ok«
ThE& .
BPI’G +yrSyp
{AL7, - Spp - sin(é _(0,-)"" ro3Bl(fl -/ _fA,l -
folTA,,Hl )]+ 7 'SPD '005(5 _(Pj)+
WB(fi=fs=fon = Sor, )b (33)
A R BRI E ORISR0 O IR G
IR E KN G, BRI R R

{GZ(tho)tan(pr _ e2(€/<»7€0)tan(pr

a:(kh_ac)'

1%
2

2tan ¢

n+l
2( z So4 4., + Sopar)
» (34)

. ——sin(fo + )
7 ro

_ Sil’l(@h +5_¢j _¢r)

B, ) (35)
cosQ,

bR AR EE g DA R ) BT A D 2R AR R T ) %
#:
Glcose'wzywr°3(ﬁ_fz_f/1/1 _foer,M) 36
thlsinO.a):khya)ro3(f4 - f5 —fAj2 —fémm) - (36)
Bz B AT, ar LSRR [

Z:}/(;Lg[(fl —fQ_ﬁfl _fOTA:n+11)2 +

(fo=Sfom Lo = Sor VP o 37)

TSR A RIS RE B K a, S, o B e dk e g

HHATRREL G, @ B a3, AT LA S A K
AL, ST SRATHE AL i K A8

we=C|[[g(k—a)dedt . (38)
tt
Xp: CAiH R4,
T Th
C= R TR PR A E——
COS[¢/ 2) 31212G + }/thSPD

{A‘[rhSPD -sin(6 — (P,') + r03Bl i —fo— fAjl - folmm+1 )] +
’”03B| (fs—fs— S _fO2TA,,,+I)+rh Sep 'COS(5_§0/)} - (39)

2 ITEEth

NIGUE T I AER M, SR TR Tz A 1
Flac®® HUE SV AEHEAT 0 ELIGAIE o =55 2R B kil
JEHHATEAN, e B TR RN, DR R R
2.0 m, Z5HITE AR 15.0 mo A 44N T E L
W, AABMERZR, EHOEBLR (B 3) ;
A SO T A 1 EE 06 2 1X10°° (R sR M
Ko WHIHESENE 1. WIS HEESE
S EUEAR R, HmEHhED), KRR HE R
P45 R 5 B 25 AT 5 LR GIE

80

//:/%¢%¢¢%%§
20[
A AN N .
' 150 R4z m
3 HEEE
Fig. 3 Numerical model
A6 320 3 T ART 2 85 B 5 P 2 B U R s H=60
m, f=50° , 6=15° , a=0° , d=15 m, #E[AIEH D\/D=5,
x,=10 m, a=1/3(i=1, 2, 3), [AN a+artas=1.4=50° ,
50° , 50° (EZLMYM)D, p=40° , 50° , 70° (1]
MY, f=60° , 55° , 45° (AL (=1,
2, 3), HE SMNEASHWE 1 s, JuEht
MRS EEUE S SCIR11 P IS 5UE, B b
SRR S 200 GPa, JARALLEL 0.2 HiATE H A
J b RE B F) SR AE 1) Takarazu 653 1753 1) Kobe, Japan
HKFHBFES, W R BT IR AR IR, kAT
g (PGA=0.3g) (& 4), KM Flac®™® @b, H
TR SE AT P A MR A IS N B R PR AR, ohid




1520 =

+ T B % ik

2025 4F

TN FR e, BEAT AT S HUIGAE, S5 R 5
Fs .
x1 BERMRESHEE

Table 1 Parameter values of numerical simulation software
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Table 2 Parameter values of irregular convex slopes changing with partial slope angle f:

RV H/m L) BaI(° ) Bl(°) on° ) a/kPa o/(° ) K. K, A
(a) 60 60 35, 50 40, 65 15 100~200 26~34 0.5 0.7
(b) 60 60 35, 50 40, 65 15 150 30 0.3~0.5 0.6~1 0
(¢ 50~70 60 35, 50 40, 65 15 150 28 0.5 0.7 0~1
(d) 60 60 35~50 40~65 10~30 150 26 0.5 0.7 0

& 3 dEMMIMIAIRRET 4 A 4 YRS BEE
Table 3 Parameter values of irregular concave slopes changing with partial slope angle f:

RV H/m L) BaI(° ) Bl(°) on° ) a/kPa o/(° ) K. K, A
(a) 60 40 50, 80 40, 65 15 100~200 26~34 0.5 0.7 0
(b) 60 40 50, 80 40, 65 15 150 30 0.3~0.5 0.6~1 0
(¢ 50~70 40 50, 80 40, 65 15 150 28 0.5 0.7 0~1
(d) 60 40 50~80 40~65 10~30 150 26 0.5 0.7 0
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Table 4 Basic information of selected ground motions
s Fory HE 2R [ERLEYS RMHAMw  RFERAkm WiE/Akm  PGA/g  PGV/(em's')
RSNT23 GiEgs 1) log7  Subestiion  Pamchutelest g 5 9.0 095 0442 14095
RSNI1119 (G35 2) 1995  Kobe, Japan Takarazuka 6.90 17.9 0.27 0.657 95.34
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Fig. 10 Influences of main parameters of slopes on a. of irregular convex slopes
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