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Influence of Rockfall Shape and Impact Position on Rockfall Impact

Process on Cushion Layers

DUAN Shaozhen, SHAN Guorui
(School of Civil Engineering, Lanzhou University of Technology, Lanzhou 730050, China)

Abstract: Using the discrete element method, this study conducted numerical simulations to analyze
the impact process of circular, elliptical, square, and triangular rockfalls on cushion layers under differ-
ent impact positions. The results showed that rockfall shape and impact position had a significant influ-
ence on the rockfall impact process on cushion layers. When the inclination coefficient was O, under
the same initial impact kinetic energy, circular rockfalls had the greatest penetration depth and the
smallest impact force and bottom force. Therefore, ignoring rockfall shape may lead to an overestima-
tion of penetration depth and an underestimation of impact force and bottom force. Based on dimen-
sionless analysis, the fitting formulas for the rockfall penetration depth, maximum impact force, and
bottom force with respect to the inclination coefficient a were derived. As o increased, the rockfall pen-
etration depth gradually increased, while the impact force and bottom force decreased. Finally, based
on the Fourier descriptor method, irregularly shaped rockfalls were generated. Under the same initial
impact kinetic energy, the range of penetration depth, maximum impact force, and maximum bottom
force increased with increasing Fourier descriptors D, and D;.
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Fig.1 Schematic diagram of interaction force at contact point
(point J) during rockfall particle impact on cushion
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Fig.2 Discrete element model of rockfall and cushion layer

R1 EUSH

Table 1 Simulation parameters

ZH B
WA 2 WORLRLAR L R, 0.05~0.1m
TR A 2 UKL 25 B o 2 650 kg/m’
T A BRSO AR R, 0.5m
I A FURL T A, 2000 kg
WYL, G 40 GPa
AL u 0.25
FEE R, p 0.577
AN, g 9.81 m/s"
BB, A 1X107s

1.2 #=BIIHIF

Ry T VEAR I A A 2 B LA R R 0 T S R
EAHRZRE R R PVCERMBEIRHEH, 5
D. Beladjine 55" i iU 50 45 R AT T Ho A8 . A SC

920

TR A S BOR, v o IR T S 6 325 1 VK O R R e, IR S
BB e WA A A E 1 A2 A R B SOk [ 18 Tl 3 {E
R B 2 22 ] T 18] 3 v o

TEE] 3, 250 s ARRAS SCEUE R (H, 520
MK D. Beladjine 55 i S 25 R .y 1] 3 7] 1
A S BB AUL 285 SR v ) 35 1) K B 2R 8 e, RV B2
B0 e B AT A A0 L 10 38 R AR R0k I HRE 46
A5 S AR AR U T AR SO R R R AT
FEHY

2.0 >
—u—e,(D Beladjine L5 )
—o— e, (AR AYBA B SR
e ¢ (D. Beladjine®5" iy ScBE 45 L)
L5 -o- e( AL EE BT R
¥ L0r
0.5f
005 20 40 60 80 100

6./ ()
E 3 A SCAYRELZE L5 D. Beladjine %552 5 45 5 (1) [ 55
Fig.3 Comparison between simulation results in this study

and experimental results of D. Beladjine et al."*

2 omEitit

2.1 BT E

ABIE5E 1 BT DU AN B A RS R P42 0.5 m
14 AN T) A A6 T %) 9 0 Ok I 4 iR . Rl TSR
7 A RO W A 4 2 o 3k R A 5 ) G o A 4
TR V6 A0 10 8% B R T A TR A ORL Y T R T E N
2 000 kg, 53 A& B A G A EE R 90 (Rl v% A B R
W), TR A B2 .3.4.5 m O R A A G
0,70 M 6.2.7.67.8.86.9.9 m/s) .

S g . A

(- ) L+ )

B4 SRR AR 7% 4 (S1,82, S3 1 S4)
Fig.4 Different rockfall types (S1, S2, S3, and S4) used in

simulation

P. Yan %058 T AN [F BROV BE 14 1 5K 44 7% 41
X 9 797 R SR Al B e o o L 25 R T I A B BRI



T B, R B A XV O e A R R
Wi o DRI, O TG A AN [ 9 A TR 2 e
T RCR B, 0 T b SO e A v A i B E T T
oA T[] B4 b o 22 2R HEAT B o O TS A A
AN R AR A i b il 2228, 3 L SE S — MR} 2R A
ao BB V& A L B R SR T 5 R K A R R
a=0,RZ,a=1. &IIKE 1 09 A[F oh i £ 28

W2,

R2 MEHEZES

Table 2 Impact positions

o 0 0.25 0.5 0.75 1.0
: O
- OO 0O 0O
LB A 3 2
s A D P WV

*+— 51
\ a— 52
—0.05 ¢ o
Ry, =— 53
010} 1R, X
by 'ﬁ._\m‘hj‘
i —0.15¢ LA
i L '\"-‘
< —0.20F i s
m LN i S
—0.25} LN
b ."'l-l----'--
l‘__ 2000955350
0.301 hi & SR -
_0.35 L 1 L 1 L
0.0 0.1 0.2 0.3 0.4 0.5
Il /s
(a) h=2m
0.0 P
' o— 52
— > ~a—53
= ’k\ﬁ} a—S4
‘i_‘_‘{\‘
g 0y Wy,
~ —0.2 o W0
£ P
é —0.3 R\ Y
'.G'\;.:- “‘i-n Adbobod
04 “_. g U-’?&H!-lg—g—_;
e R & T S

-5 1 1 1 ' 1
0.0 0.1 0.2 0.3 0.4 0.5
A /s

(clh=4m

2.2 AERARER X BE 89 & 0 R 2

X HE R T R E A LAY IR A a=0 I 3 F
T w2 B 5(a)~(d) 2l 45 T AR AR %
AR T IEEE N 2.3.4.5 mif shdi s 2 P2 A
TR IR AR LR . fh IR S T A TR R Al g o
P V5 A7 4R A TR B B B 4D I T 0 A8 b R
PR, H AR AR B ¥4 I s ) %) 8 TR 2 T R
B T s T A0S L B T T R R, T A
12 AR B R S 1 B D) 32 3 38 . G &) 5 () o IR TE
WUk AE 2 m A 80T 7% 5 BE R AR LB 8] 7E 0.3 s B &
Gitase B 5(d) P EEBURLAE 5 m S8R0 U4 = B
BRI (] 7E 0.38 s B R G AR e o (RS2 ¥ A UKD AR
Xt ot gk R T R A AR A TR I R i R e
Wi R 25 2 A0, A& 5 Ca) vl i [T % 7 0K 42 A
TR BE B KON 0.317 m, = A B 6 A Bk 4= A TR T
N 0.231 m, BIKE 75 A0 B0RE fa7 16 BB 25 KoK

A ATRBE TR 2 m A8 ¥ i JE I 5 oK s il 385k
) 36.8% -
0.0 ——S51
9\ —a—52
—0.1 -k}?;A —a54
E il**:‘:x
- - \'.\I ‘..
ooy
2 !?F.'\; ey,
m —0.3}F .\...(I:\E‘[ ] :"L—‘,A AP
N
—04F “"‘"0‘—0.—.!
00 01 02 03 04 05
i /s
{(b) A=3m
0.0
—e— 51
1 —a— 52
—01r 43w, = S3
‘0\‘-::’“%_ a— 54
B —02p Twaiy
oy Y
e - . I‘;,':.‘
% —03} s
é 'i\ +:.A
B | . uRg -
o4 . +m5‘3!4%—;; ;;-—:_;
-
—051 * "*fﬁt«—ﬂ.

_0‘ L 1 L L L
%.0 0.1 0.2 0.3 0.4 0.5
A /s
{d) h=5m

KI5 AR E A R AGBEX
Fig.5 Comparison of penetration depths of rockfalls with different shapes

921



h T o3 BT T A ORL I IR 0 R AR BE 1 R e Y
Wi, 6 v 25 ﬂTT%ﬁ%E@Wﬁﬁmﬁ&Af
JEE B9 e A AR B A AR T B R AR L . o) TR
A TRBET 5, 8P 9% A1 A0 LE T Al 7% A 19 e ik 56 1Y
AT

1.0

—e—S1
08k —a— 52
W 0.6 —— 54
L o4l
1B i =N i i
2 2f .
Z 0.0F
B g2l
—04d}
_0‘6 L 1 1 L
2 3 4 5
HEHCFHEME /m

B6 A ik A TR I 5 R AR A R 1Y 8 il 2
Fig.6 Overestimation rate of maximum penetration depth

without considering rockfall shape

wy =(d, . — pl)/d i (2)
b, d, BB RE A ] RRARE s d,.. 45
v OB R ORAR A RIS . NI 6 R J, [ JE ¥ 41 Y
RERARE BIE R TR0 =Rk 4o 1ok 7EA

3.0 =
——51
—i— 52
2.5 —=— 33
= 2.0F
\>_<, [
i 1.5
i
1.0F
'ﬁ Lo
08 ﬁ \
0.0 . - e o o
0.00 0.01 0.02 0.03 0.04 (.05
iffE /s
(a) h=2m

it / (<10°N)

.00 0.01 0. 02 0 03 0.04 0.05
mffE] /s
(c) h=4m

) 4 200 V% e BE T & A AR TR BE I Al R AR A AR
;EMN?MI%%Eﬁ%%Eﬁ:ﬁ%%EI
TE 6 A I BAZ AR A3 il i T 14.4% .17.6 % Al
30.4%.

iy T 02 AR B T R IR B B
LB 7(a)~(d) o T DR E G 7SR R T
1 3% A by g P AR 2, Ve A AR 2 el ol AR
Hh, e g S A S R TR P TR R G i B 01 AR R %
W I BN R VR e R B ook R K VR A
i TR o 3 A N AT DL R B4 B R il 2
O BT O R A, X R AR F. Calvetd
AR SIS AR R W W, X B T IEERA
1 7% A 5 2R B Ry TR 48 A BAE T S 8
W) UL AN, AT LR 3K 7 A UKL ] Ak o 8] 4 5l
BRAEAE ARl H b i 7 .

&l 8 Ry AN 25 JE V& A TR B, g5 K e o AR
(Y i G N A R C A N D O o Ty NR L i
JI T BE & A A LT Al 3 A 0 A R 0 15
A=W (Il

Wy :(Fmax,.\l 7 Fmax..\i )/Fmax,.\f (3)
A o B TERIE AW TR b di 015 F o A B
3.5
—e— 51
| —— 57
e ——S3
o=
T 20
=
= 15f
m
£ 1O
0.5
0.0 : e
0.00 0.01 0.02 0.03 0.04 0.05
WA /s
(b) h=3m
6.0 =

#piidr / (X10°N)

0.00 00l 002 003 004 005

Tl /s
(d)h=5m

B 7 il 7 b AR A B el 0o e

Fig.7 Comparison of impact force of rockfalls with different shapes

922



AL F SRR PN P R RS ST DO R o 216
A T IEvE A R =R I A DR i £ R b il
J1 53 AMRAL T 7.3%0.35.3% M42.1% . Bk, & A
FEAR Heh i 3 B W A2 B

L0

——S2
0.8} BE
sS4
ﬁ 06 i e
g 04r W
..R
#H 02t
w 00F - . o
_02 -
04 3 1 5

FHFHERE /m
B8 AN IR & A1 R I 5 ot J i I Ay 238

Fig.8 Underestimation rate of maximum impact force with-

out considering rockfall shape

4.0

——51

351
30t
25+ :IP"
2.0t -:

15F

fig#h A / (X10°N)

0,00 0.02 0.04 0.06 0.08 0.10
T

(a)h—2m

JEHS /(X1 N)

0.00 0.02 0.04 0.06 0.08 0.10
e /s
(c)h=4dm

V% A i B2 R vh il D 08 ) B2 R R R
7 IR IG VR AR s s IR 45 0 1o A oy o 72
T VR ARG R B A e SCRIRHER 1 I
A 2 0 fE 2R oh s R TE AR AR A A .
K1 9(a)~(d) s 1 DU A& A1 76 A | 55 38T 7% e B2
T il AR 2 RS ER T A A ok R R R 2 3R
JEXFEE R AR FEE 9(a) ~(d) IR I By 3
o0& IE ] /=0.007 s FF iy, 3 J& i F op o 51 Y
T3 DNER I S T A 338 3 JRS R R LN R . 3 I ]
FE IR JE HRE Y [ A R 5 TR AR AR AR T v G
Ko AE M b B, RS ER S D O B, AR
JE N EE LU o 5L S ) il A B S Y
— Bt ) B FE 4 bR PR BN, i 8 T AR S TE IR
LA MR F. Calvett 7 B i BE X & i T b s
b TR R IS 5 45 R 2 T = R] Y — 40 H R
LR A BT B o

JEMH /(0" N)

0.00 0.02 0.04 0.06 0.08 0.10

iffe] /s
(b) h=3m
6.0F

5.0F

:'Z“ .~
2 40 W%
X I 8
~ 30F I %
=
E 2.0r1
1.0
0.0 1 1 1 1
0.00 0.02 0.04 0.06 0.08 0.10
el /s
(d}h="5m

PO AFIAR A T o i i B vp 7 AR B9 IR 988 3 % L

Fig.9 Comparison of bottom force generated during impact process of rockfalls with different shapes

N T BRI AT ARR R e R e AR

Wi, P 1025 T A% G AT AR, fe R T A (A

BRI . oo TR I =
BT A AR L T HABE A B RAG AR AT R AT

W5 =(Fprt = Fori )/ Fror (4)

K Fy o TR I8 0 X 0 1Y fe R FE H1 5 F
Ry B 95 A0 %t o0 1Y) e KIS 1 o AU T 46 8P 7%
A BT AR = A T AL IR 38 00 43 51
A T 4.5%.22.7% F24.2% ., LI B4 Bz, 9%
A TE IR JEC 35 7 4 5 ) L

923



1.0

—— 51
| —a—S2
08 —=—S3
ﬁ 0.6} 54
=
Z 04t
R . S
% 0.2+ —h
0.0F e
i
—0.2
—hy 3 4 5

FHCFERE / m
P10 AT BB & 1 T AR IR 38 g B AR Ay 4

Fig.10 Underestimation rate of bottom force without consid-

ering rockfall shape

23 FAMEERSHHEITREAFIE

Vi A0 RO o A A S e R AR, O T g
o 2 250 vE A bl i AR RS R . DLT X VR A
AR 2 v 8 O T e ol 28 25 7 A ) 25 80T v 2 N
5 m i, 3 B b A R B R AT T

Bl 11(a) BoR T i A1 AR R B0 46 26 T AAS [R]
ity S iy BRI R TR E B S UL [ G A2

0.0

——51
o S2(a=0)—o— S52(a=1)
#— S3(a=0)—— 53(a=1)
—0.2 seiky —— S3(a=0)—7—83(e=1)
wiby
E
= -
l —0.4 - 1._"*&..;-;3:
%
< *tetctsceces
B o6 e
.“\\:_ 5 C“(’<- 88 s T W)
uU.
—08 :.?“'}T"‘? TGP
0.0 0.1 0.2 0.3 0.4 0.5
) /s
(a) FRFEARFI G EEE AR ARER L
0.9 —e—51
o 52 — A MLR=0.960
0.8F = 83 — & HEER"=0.985
4 54 — AR =0.973
0.7F
:‘\3 Y
- 0.6}
05} /
04F = .

OI.O OI.Z Ol,rl- . Ol.ﬁ OI.S ll.O
(b) AREIFEARFpE % A ERAREAREM L
FLL R R AR b i 28 25T 9 7 o i i A P iR A TR
VA K T ik 44 e AR AL B R L
Fig.11 Comparison of penetration depth and dimensionless
maximum penetration depth of rockfalls with differ-

ent shapes and impact positions during impact process

924

o NI Rl LUE 7 A = A TR B Bl A 40 1 (8] Y
L RV N Rl T AN A /\EPéla 0Kt ,S4
AR JR S AE R IR AR BE /N, X 2
TEIZTHF S4isfa %ﬂ?%@ﬁﬁﬁﬂﬁ* RRRZ
a=10, S4B EE R . A [F] R/
5 A1 AR BEHSAS AR ], B DL &5 SR v 1) % A A 42
[l B A% d R T i Ak e RAR AR EZ A0 181 11(b) , I 44
2 7SR R A LA 2 A 2 R LT
YNV
y=yo+Aei% (5)

HEATHN11(h) B E o K, 7 A S)E2 %R
AT 1) 422 fi TG R 328 T 0/ ) DR I e AR A TS JRE 38 W 1
K, Horh SA P& A7 i 2k A 3 R R AR

& 12 () Sy it b 72 vh & A il g BEASE DL [8]
B At B, AT AR B Y a=0 B, vhis 7 B AR
XoF S ¥ A h 2 LT o= 1 I b o 2R S AN TR R
W o X AL G 5 82 whids XM I ) B 0 B B
HHRAX, Hﬂﬂ:a=1ﬂﬂ’7§tﬁ'§§§}gl§@§ﬁi§éﬁﬂ
AR /N | Y& A0 5 40 2 JURE (9 42l Tk B D

5.0f 8l

- —o—S2(a=0) —o—S2(a=1)
—=—S3(a=0) —o—S3{a=1)

L0k —+—S3(e=0) ——S3(e=1)

L
=]
T

thik 1 / (X10°N)
[a+]
=

000 001 002 003 001 005
WA /s
(a) ARITERF s &350 whi TR He

26 —a— 51

ol o S2 —HIAHLER'=0.915
4 83 —dil&ihgkR'=0.998

22k v 84 —HlEHER=0.995

ry

UI.O 072 Ojd— 0?5 UI.S 170
(b) H:Iﬁﬁ?ﬂ}ﬂﬂl‘fﬁﬁﬁgﬁﬂﬁiiﬁﬁiﬂ‘?ﬁ_ﬁﬁm
P12 R [ AR iy 28 25 7T 9 A 7 o i i A b o i g A
e T b g K s g B X EE
Fig.12 Comparison of impact force and dimensionless maxi-
mum impact force of rockfalls with different shapes

and impact positions during impact process



I, B 3 BE TP B Ok 23 3R A AR AR i O
WKL LAY BT, T & AR el R AR . A
CIPNANICEAFEE - SN I Ak N N TS P2 S e T
M Z 8ot/ d K IC 2 Ak e R w3 an i 12(b) e
N AR BT G R AR RO UL A UL R
WA (5), Horb S3A1S4 1y il £k e 2 P /)
B 52 W 22 o SRR UL, X T AR TR AR 64 7% A
VR AT G R B ik S T AR BE A o 184 TR/, A
11T 7% A7 f5e K ity 7 2 )

Pl 13 (a) i 7m 19 S AN [R] 00 7 A il 48 2 B JiS
T 7 B A ADL B[] ) 35 A pth £ BT R R 2 3 s )R X
ZER AT A . DR T il AR Y AR AR, wh il
LN AL BRI A K . AFRAYE Y a=
TS JR I8 g s 38 U I e 3k 38 i e — 28, RS O 0
L /I o A AN T) SR/ B 96 A i DR 8 1 #8 A A
[, Jr LA 285 21 oh ) 2880t/ d > T6 5 994K e KR
R 13(b) s, I 45 3 1 H 5 R AR SO U
A 2, S it 2l 2 A 50 (5) R OISR g Bl i AR
AR a BT i R nbdy J AR, o R R KO

6.0

—p—81]
—o—52(a=0) —o—S2{a=1)
5.0F —e—53(a=0) —— S3{a=1)
- —a— 53{a=0) —o— S3(a=1)
Z 40t
Z 4
»
= 30f
5
@E 20F
1.0 pa X
0.

00‘00 UI,OI DI.OZ 0103 OI.(H- 0105 OI.OIS OI.U? 0.08
fffa) /s
() AR k23 A R R L

o 52 —HISHKR'=0.924
4 83 —HIEHLR =0.996

28 + v S4 — A LR =0.993
£ o6t
=
i o4t
S
22 - @
20 F b4
18

0{0 UI.Z OI.:I- Ojﬁ 058 ]TO
(h) Z‘Iﬁﬁ?ﬂ?ﬂ#?ﬁ%.’&gﬁiﬁﬁf‘ﬁﬁkﬁﬁﬁﬁﬁtt
P13 O AR o i 28 25 7T 9 A 7 o i i A P 3B g U
K T Ak 4 5 G 7 9 X e
Fig.13 Comparison of bottom force and dimensionless maxi-
mum bottom force of rockfalls with different shapes

and impact positions during impact process
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Table 3 Influence of descriptors D, and D, on impact pro-

cess of rockfalls

D—0 AR /m 7%?23/ JEE B A1/
(X10°N) (X10°N)
D, D, Max Min Max Min Max Min
0 0.52 0.52 3.23 3.23 4.70 4.70
0 0.1 0.57 043 3.68 3.16 484 4.63
0.2 0.62 040 4.62 288 528 4.28
0 0.57 046 3.31 281 485 4.61
0.05 0.1 0.59 043 341 289 491 4.52
0.2 0.64 035 4.59 271 586 4.29
0 0.66 046 3.01 259 4.63 4.36
0.1 0.1 0.62 044 354 275 4.68 4.32
0.2 0.64 0.39 3.07 2.68 449 4.20
F4 HRF DI HET RN
Table 4 Influence of descriptors D; on impact process of
rockfalls
D=D=0 BABS/m A RED
(X10°N) (X10°N)
Dy Max Min Max Min Max Min
0 0.52  0.52 3.23 3.23 470 470
0.015 0.52  0.49 3.47 2.98  4.82 4.53
0.03 0.52  0.47 3.38 2.82 480  4.56
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