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Abstract: Layered rock slopes are widely distributed in southwest China and are highly susceptible to instability and landslides
under seismic loading. Prestressed anchor-anti-sliding pile composite support is one of the most commonly used reinforcement
measures, yet its seismic response mechanism is complex, and refined seismic design methods for rock slopes based on damage
evolution remain insufficient. To address this, a PLLAXIS numerical model of a prestressed anchor-anti-sliding pile composite
structure was established for a representative rock slope in Sichuan Province. The seismic response patterns of key parameters,

including pile position, length, spacing, and anchor prestress and spacing, were investigated. The HHT-based marginal spectrum
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method was employed to analyze damage development mechanisms and evaluate the seismic effectiveness of optimized
reinforcement layouts. The main findings are as follows. (1) Displacement response analysis indicates that seismic damage is most
likely to occur near the upper and lower ends of the sliding surface. Grouting and localized anchorage densification are
recommended in these zones. (2) The region around 0.3 L—0.4 L of the anti-slide pile is identified as the seismic damage core
zone. Extending pile length and optimizing pile spacing can help reduce the risk of tensile failure in anchors and enhance overall
bearing capacity. (3) Anchors are more prone to failure than piles in the combined support system. Increasing prestress improves
anchor synergy. A differentiated layout strategy—densifying anchor distribution by 30% in seismic-prone zones and relaxing it in
stable areas—can optimize load transfer and reduce slope surface response. (4) Marginal spectrum analysis from an energy-based
perspective further confirms the effectiveness of the “localized reinforcement, overall coordination” strategy. This approach
suppresses seismic damage near the upper slope and reduces the marginal spectral amplitude by approximately 48%. Therefore,
the findings provide theoretical and practical guidance for seismic support design of rock slopes in earthquake-prone regions.

Key words: layered rock slope; pile-anchor composite support; marginal spectrum analysis; seismic damage mechanism; seismic

optimization; engineering geology.
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Table 1 Material parameters of the numerical calculation model
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Table 3 Model parameters of anchor cable
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Table 4 Rayleigh damping parameters of the slope model

FH e 257! Bt 25 Z 8 a M2 B e 22 % B %51 IR T,(s) 55 2 EIRBUFA] T(s)
Fii Kl BHL 2 0.765 29 3.1831x107 6.67 0.152
150 x5 MEMKESHIEE
1.4703 Table 5 Length parameter settings of anti-sliding piles
218 A NI EZ E(MPa) BER L(m) BEIA]#E D(m)
' 1 30 000 25 4
= 2 30 000 30 4
Wi
H 3 30 000 35 4
1401
4 30 000 40 4
5 30 000 45 4
1.35F
. . . . . 13418 x6 HMBMEESHIEE
1 2 3 4 5 6 7 Table 6 Spacing parameter settings of anti-sliding piles
R A T R E(MPa) BEKL(m) IR D(m)
6 R T 1% 2 R : o0 - ;
Fig. 6 Static safety factors under different pile layouts 2 30 000 35 4
3 30 000 35 5
4 30 000 35 6
5 30 000 35 7

B
e,

i a
k
PL7 AN TRl B B I ) B9 1 1 == [

Fig. 7 Shear stress contour maps for different anti-sliding

pile positions
a. TP HE ;b MEN 25 ¢ BEAY 35d. HEA 4

W AE b 52 5 e IX, AT AE B A AR 4 5 1 IS IX el ot
i 7R A R, B SR HB B B 2T 4k TR #E £ (Zhao
et al.,2024) , $2& = i X 3 PU R 1 RE L DA T B i S P
45 P B PR HE AT M 7R B o7 2811 RE
22 MBHEKESHEXY TaEZPEEE I mEA
sk

BT LRERAS , % IEho v K B S5k
5, 43 B B Xt 320 33 S 40 45 2y g e 18 1Y) 5 i)

1E 0.1 g flsm = 7 T (& 10a) 4l 2% 06 1E 5l 7 Bl
B R 2 O A YA Y 25 mg 2
35 m W, %l fy i 1 363 kN [ & 1 239 kN (& I ik
9.1% ), 2 W70 T Ak S50 TR 34 I BAe AT T i R 1 AR AL
N, BT HE BE A3 T T 2 A B, U SR R BY ) B 2
PR, WE B 5 AL A B 3G ER Y K R

35 m & , W 4 0 AN BY I iRk T 9%, R A TE B
PR R2 WA [ DX [R], (S A 38 i xS 4
S5 KR 11 43 AL 5 1R A5 /)N

7E.0.15 g H 2 T80 F (& 10b) B [ Bt 52 HL i 7=
AR Y B 25 m g E 35 m B, AR
A8 3 W BR P PR F7 (1 500 KN Y A5 K6 X B M 5 4k Jik
A28 2 b (B 6026 ). Bt T8 A U4 1 25 46 F1 59 7 1 A8
R E0.1 g MR T FM B K ML, 35 mG
W DX IOT- 22 X L Ay A 2R B, 35 m R Tl A 2
PR RURS: B AIK 60 %0 A2 A, e A A 4 38 — Bl i S
e N EEN =
23 MBHEESHEEN THEIIPERHAH
EAssEAT

% JE 5 BRI BE (B]BE S50, W03k 6 BT, F 58T
B AR — PG AR S 2 4 B 7 e N ) R )

76 0.1 g T i 3% 00, Bt ¥ Ak 18] 15 2 4500t ik —
B R 7 3h e Ry 2 S R AR AR R 1L 2 A )
PR 3 m3 2 7 m B, P MEUE(E 25l 15 010 kNem
T REZE 9 260 kN-m ([ M5 38.3% ) , W& {H 55 J1 M\
3 400 kN F 5] 2 300 kKN ([ 1% 32.4 % ). fii 5 2R 4
JIAUN 1 283 fa i % 1 313, ¥ IE (34 2.3% ). X 2
R (B 25 iR 2 5 T 2Rk > T BRE Sz



5550 %

3934 HERFL=  http://www .earth-science.net
£ 2
i "
= =
H e
e e
=35 e —1..3 -0.5 0.0 1.0 2.0
ZEHE(10° kN » m) B F(10°kN)
P8 AN [w) W 0 s [ - HC 3 k25 4H 5 0 7 € (/=20 s)
Fig. 8 Bending moment and shear force diagrams of anti-sliding piles at different monitoring times (/=20 s)
a. A ;b 57 Jy 18]

£ £
il il
= =
s e
i E

ZEHE(10°kN » m) B F(10°kN)

PO N T o o J3E i AT T B W (25 R 5 3 P (/=20 5)
Fig. 9 Peak bending moment and shear force diagrams of anti-sliding piles under different acceleration inputs (/=20 s)

a BRI b, 5y A

S50 T L LR, kG R RN 1 4R R DA, PO
(] B 39 K51 e 19 99 g B S A A0 I R TR R A2
T VR RS 3 25 0 BT A 1] B AT LU S o R A BT
PERE 5l R — P AL B[R] SCIP ROR T4

i Loy R — PO AR G S A R Bt
R LTI EE A R T 0 AR AR B 1 B T )
JOL 5 W) S 3, MR | — i Y N R e ] B RE
RAFHE BRI S 52 SRR Be . R, 75 B (57
P PA AT 9 o5 0l 2 7 g e L 4 400 ) R R A T
DIRTE 453 i%1 ey il AN

3 Al F A I B 7w AL EL 3 B

B A [ o7 B 1) 2 TR o e o v 2 AR AT
o, AL 12, e R e i A BB R S AR O 1S
RORARAE N 18 T AR iy A B SN i & fa) e,
N0 iy 52 i A T A [] A6 8l 2% ) 80 g o 7, o
Wi 157 AL B 2Ll 3 U T L R TR B 2 O S A 4
CEIRLGITA AR
3.1 R &R 3h e R 4 AR

ST 9T i A M = R R A TR 220 Y AT
Wi o7 38 P 4R A, B A KPR B 0.1 g B8 EL IR {E 0.067

LS2A
i



+

P0AE RS S B0 100 3¢ 3 52 50 7 ) 5 B4 5 T R R A5 AL B

5 10 39 3935
14 F=— BB IE0KN + m) a 1]l b |
o (BT F3(10° kN) ] 13.0 14.0
13.45 -
12 _12h
£ g
o 10 o 10}
% = 9.9
3 38 9.5 3
é sk é 8_8.8
R R
o6 B 6
& &
Sé 4r 3.0 34 3.0 3.0 Sé 4r 2.9 3l 3.1 31
24 2 s a M52 LSEARE 1S5EAR LSEAE
. 1.363 1339 1.277 1_2:41 1.239 1 . . ,
25 30 35 40 45 25 30 35 40 45
PR AR AE K (m) PR AR AE K (m)
K10 AEGTHAESER T AR 2
Fig. 10  Structural forces of the pile-anchor system under different anti-sliding pile lengths
a.0.10g; b.0.15 ¢
16 1500
iy —m— IE{E E (10N » m) 1400 T 170s
14 +m%ﬁ§gj](103kN) 1 556 |- —— t=5s
. —A— &5 H 71(10°kN) == =10
Eo12r 12.86 o
3 X
= 10 F R
o =
Z 10.14 =
& g b 9.26 Y
= &
il AN
Z Or A
i =
B 4tb3.4 3.4
i [ 2.8 2.6 23
211983 1.277 11.285 1298 1313 [
200 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
i ! ! L 1234 56 78 91011121314151617 18
3 4 5 6 7 HEMNERS
LR 13 L 1] R 1
NEEY > AT
Pl L AN IR HE A 5 A 26 H0 52 15 (0.10 ) Fig.13 Axial force response of anchor cables at differ-
Fig. 11 Structural forces of the pile-anchor system un- R
ent monitoring times
der different anti-sliding pile spacings (0.10 g)
TR T R 52 00 A . A BT AR R, RS B R A5 A
HEAR 32 J1 B T1 2 60 0 , A0 T 55 ¥ Sl T T 2% 18 5 i
2 RIETHBCR RN, 29 30%.
b P 14 $ 7 A T b 7 ) 5 52 T 2R U L il g 2

“'%‘

580 L L 1 1
0 80 160 240 320
7K P BE B8 (m)
Bl 12 f A& TR

Fig. 12 Anchor cable layout schemes

g I PP A5 B M R S, P 13 o , Bids s a2 Tk
5518 SR G M HE AR (1555 ) Bl I 7E 5 s IR 5E
5 B U B A MR 00 A R DR R A ) TR
T, R Ja A% TN 7 R 3% 1 B LB, HLAR R

A B0 A - b 722 38 A 0.05 g (M%) 14 % 0.25 g (3
)it B B 45 A AR AT Y AE 0.2 g(h iR A=)
ik Rl 73k 31 1 500 kN W RR BTk S Kk A Wi 5 14~
16 5 WY S35 R AE 0.15 g (R 7% ) i M 4K 2 28, H: 4l
¥ T AL R TR S B E 184
G ZR A 77 602 kKN B 2 1 085 kN, A7 A £ FR &
BT R R A S AR X LSBT A B
e I8 AT, A SR R TP I R R ) AR R R
W, b 2598 5 Sk (Lin ez al., 2018; Yang et al.,
2021)BFoE 45 R —3% .

72 1 L ) 98 DR AL A R T 30 R AR



3936 HiEkFL#  hitp://www.earth-science.net

5550 %

- 025 BB A

X 0.20 g B# A

/4

0.15 gl A

/

0.10 gl A

/4

0.05 gl A

5 EM

4
I

LT (TSR, A

1 23456 7 809 1011121314ll5161718
HEMNERS
Pl 14 ASTR) 5 Bt i I FF ) 5 2% 0 (il g
Fig. 14 Peak axial force of anchor cables under seismic

waves of different intensities

WA 15 FR = T00(0.05 g) F = & & B A
FERE 2 T S, R R T S B A S X S
T, VT S T T J 3 M DR A R A A R R
F0.1 g(h R ) B, 25 X I B - g )R —
05 =81 ) T TR o S 1 =1 ) T T N S & A
B PR T (0.15 g) T, 14~16 S #i &R A 1 JE i
WAEBB AT IX 15,16 54 R R e hr Wik 38, iF 1
T DX 38Ry 300 Bl R 5 R A
32 HMEMEADSHEEX FHEIIPENTH
e Sz B9 5% M

F R RN S BEA R 7,008 SN 1 S
HIOGE 31 3¢ S A7 4546 B i By ) 5 T

FE0.1 g iy 59 5% THLT 5 F W ) %) S 4 4544
3y 3 0 137 A4 5 R (1 16) 5 B AR RLAE < Bl % 4R T
JO7 3 B BT Rl R AR 5 I DA {1 B g R R R G KR
o, Fe WA B RG OK TN ) T8 A o Bl 4 A R AR
T, B 78 43 K ¥ S AP 45 K 7 32 Bl D) faf AR RE L 4R
TFHU R E Y EHAE RN A T & 18 S/ R
B g 3 T R B T A B B T 1845
FEAEAE (0 S0 R A R (B4 . [ s, 18
B8 i 8 2R il g A 7R % X TR AR e Al R
2G5 [F] % 7 00 85 4 1 i AR, R g 9 4
SCY L B R AR R E MR T O A B, EESZ BT
R BT A TR AR TR R A sh A A5
T F7 485 3R 10 A8 TR R 45 B F1 78 55 L D G 7E TR S BBk
w7 O A T A LR R, L SE B
PR RPUEME R LS 12T

__EREEER

_ERERKR

R
HKBAHE

__HEREBEE
KB HEE

15/16Fi 8 /1 5 &=
[ AR,

P15 A ] i i i 9/ e L o 5 J32 e 7 = 1A

Fig. 15 Peak acceleration response contour maps of the

slope under different amplitudes
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Table 7 Prestress parameter settings of anchor cables
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