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Experimental study of different typical shape falling-rocks impacting
on the sand cushion and dimensionless analysis
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Abstract: An experimental study on the impact force and penetration of falling rocks with three typical shapes, including
spherical, conical and flat shapes, against the cushion was carried out. The experimental results show that the shape of the
falling rock has a significant influence on the impact results. Under the same conditions, the flat blocks have the highest impact
force, the lowest penetration depth and the shortest peak impact time, and the opposite for the conical falling rocks, with
spherical blocks are between the two. The dimensionless analysis method was adopted to convert the mass, velocity, shape,
size of the falling rock, the strength and density of the cushion layer into the dimensionless strength impact factor /, density
impact factor A and shape impact factor ¢. The correlation analysis between the impact factors and penetration test data shows
that: (1) The effects of the impact factors / and A on the final depth of penetration z,/d are similar. (2) The analysis of the
impact factors 7 and A effects on penetration depth shows that 7 and A are relatively independent. The pattern of the 7 effects on
the depth of penetration is generally consistent for different A values.
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Fig. 1 Rockfall impact test system
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Fig. 2 Measurement method of rockfall impact test data

] BRSSP IR TR S D VE AR F AR S22 06 BT I AU RD B2, SR 05 I i R, TP R
WO F I BRI S A AR I, I8 A T AR 2 B 1 AN 2 m () PR FRANAR, SXAR BE 248 0.05 m,
RN 1 me HIZIEEH 0.05 m A AR, 4T Ho i 1, PRt SO A 85 4R AV A (14 25 7T L 22
W AN T, AN ) i1 AR MR 50 45k o SR T By L b 2% DR ok 28 ST R 26 b ek i R R % R 1Y AR
b, BRI VE A s J5 AR A2 O 2 12 JERE BRSO R AT A AR S, DR S BRXT N k op
ZERM R
12 REAFRFAMRESH

HRAEWEFE H AR, B 50 o0 A . 57 1 a0 i 9 9 A TR AR X V% A 1= N TR B2 R o ol g B 8 iy
LIS, T BT m 34 0R 5.41 kg, SERRRIE RCT (— MR 3% A vh i s 8 AF A AR ROR ) d #4970 0.12 m, 3k
ERIEAR AT R BRIE | HEE A3k, W 3 i o 5400 V& & 5 (HD SR 1.0~2.5 m, %R 990 4 i o
P (vy) JE N 4.43~7.00 m/s. BZEE ()N 0.4 m, W ER(D) K 1 m, Wik, f#42 D 59% 4 Hz
d [/ FUAE D/d=8.3, Seguin 0% (il BF o8 2 M, 24 D/d #81 5.0 B, B2 5] 171 5L 249 0R 0 5% e m] LA 2008 AN
IS5 T WA 3

55 2 20 20 BT 52 M DR 22 5 ot 4 SR 22 T A A DG R i B A, IR T A T i m AR R R R
10~100 kg, SR FEERIE | HEE A%, BrA ¥ A R B TRRA T RGF A 3 s . AT
K ETE N 0.3~ 15.0 m, %R (940 4h v BN 2.40~17.10 m/s. 2R K 1.0 m, Hod, 10 kg 1Y
AR 1 m BE)E, 50~100 kg M7 A v EAR N 2 m B9RJZ, WL, MR 5% A R0 0 E
D/d ARSI 5.6~ 8.3, HYZ M ) i1 524 5 ()5 M [RIRE ] DL 2 AT o AR 3006 T 050 A2 SR o3 Bt
LS 475,

WAL IR I8 T V% A WA RL Y SR A B o, 2 - 7 02 2 475 kg/m®, SRS 29 4 80 GPa, T
FALE N 0.24; b+ 302 A IRBSLIBE 1108 kg/m?, /KRN 3.3%, b+ HZ0RIF £ @i 0 82 REA
AT N S AT R 0, IR0 2 B ORI AN A 4(a) BN, 38 a3 X AP EZ 21T UER Som gk, [ ed il
SRR ZT p AR AR 2, HER 3250 2R FIRE T b1k AR AT p AR S ol LIRS
FEUG I F- Y FE R ) o
:ndI:/4 ®)

MAR B2 I 3 dLFEAS, BB H o, S B NRARIE z,/d Z B R W E 4(b) BF
7, AT LIS 532 - Y58 BE £=0.065 MPa.

h =

4
S

073303-4



%414 B, S AN SETERIE A R I S BT %74

120 mm 120 mm e 360mm
£l s £ ilS- E £
5 S-S5 kg g S-10 kg 5 S-50 kg ; S-100 kg
g ] Ei

(a) Spherical blocks

_120mm 120mm, || A 250 mm,
g = E
E | C-5kg g C-10ke 5 C-50 kg
z 8 @
£
5 g
2 g 5
! : a8, \_
(b) Conical blocks
(DR
4 300 mm
£| Fske F-50 kg
v
(c) Flat blocks

K3 i Ve TR S RS
Fig. 3 Shapes and sizes of the falling rocks used in the test
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Fig. 4 Static load test and results of strength of sand cushion
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Fig. 6 Time history curves of impact force for falling rocks with different shapes
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Fig. 7 Time history curves of relative impact force for falling rocks with different shapes
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S BRI B AR, JE AR A TR L S R ISR L £ RN B o A G, BRI AT 43 5314 =0 £,
pou ™ SO AT AR 5 R H Y HEAS A

i -1 -1
Y2 -2 0
y=|» [=] 4 4 )
Ya 0 1
Vs 1 0

B HAACAR (8) 7 AT L& £.d/(m2) , pod® Jm FITCHE R ANTRTE 2/d, 21 = mi/(fud),
A=m/(pd®) , HIL (4) 7T LS B TC N IE X, TR AR AR . .

m = 2 = F (LAY (12)

[F] B ot 0y PO () b JJ B I T] (=X (6)) 43 51805 S dn F e s 498
nF:Z—%:FZ(I,/Lw) (13)
T = %0 = By (LAY (14)

K F B, MF, TR N b T 1, B2 K e X RARE R . whili S fopd )
WA AR ) o, J2 5 9% A B m RRAE RST o Fihdi 3 EE v A G RE XS {EL, 0, TC RN R AR Er=z/d %
71, X TR AR AT 1A ) e (B, 7% A0 AR RS o 38 1A, DR I A4 TR 2 s 1 s T 4 o
ti S = Fd/mvi 3R, XF TR B0 AR5 A AH Rl i e (8L, PR ROST R d BT AT B BE E, = mv} /2880K, Y& A7 1 o
i 1 F AR A To i 4 vp i 1WA T [B] w, = tvo/d KR, KT AR B m A8, 35 A (REERT 8] d/v, BOKR, 3%
A1 p VAR T E] ¢ R, H AT UL, SR TR B ST T8 A R R d R e RE B mv /2 X6
TR ATREE . whiti J7 B VAR ] 52 ) 1) [ 0, foff G #4912 90 245 SR 1532 1050 25 1 r B 1, 4nia 40 BT g 3k 3]
WY K P A0 st . NOST a2 4, PR, 3ok 4 R0t ] LA 31 33 90 L5 A9 5 o B

T WAL BT 5 — DR FAE T (@) hib ey 6 > A i (my v, d. g p, F1L) 408N 3 4S8
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B, 1=mv2/(f.d) ] RN

_mvy  1/2mvg E/F.

=R 1andd S d (15)

K. E hvg A nyehili shae, F, o 82885 £ 51 ##BHST )1, E/F, FoR#L) F &AM B =
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/N, WS T F RN, 38 Sl B (RIS A R TR EE) K, oply BRI 18K, TRt 7 R T pl 3432358 2, Tk
FEMTEARARIZIRE ], TR, I AR BRI BRER, ATFR 1 Ry 5 i vhfi R
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_m _p

o py
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S ) 7 A1 P il IR 2 SR B2 L, AR 2R PF R, SRS EBUN, A R A TREEBUR, NI, %5 nhify
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32 AFEEFHRMMAE
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Y E S, R AR AR I 25 2R, i — 20 e p o i IR S A el g5 SR 2 IR AR DGR B, S ah ik IR
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321 b EHETHEALE

RIS BT 200, AT B AR 1L XV A

Rl TR A, v B TR0 A AT

NN

IRl B R ST AL, X et T R AR A

il
S

my Ve m

I=—2=2— 17
TE L& (17)
m 1 m

= = 18
SE T (18)

P, m/d vy, f, B p, AARAETE IR E 1 il R 7R A A9 AR AR TE Lo
BE, 0 m/d WAEACIE R o mid® S AR L p, MRS ARA S AL B, X FAm e 1 BOE %
FERCE

m
==
o ROVERIE VA48, R=d/2( 10(a)) o — B, A R A2 AR FRLE/ DN, R R] LA S 5 AR 1 o
A5 B 48 B 25 B RHE A3 B, p,=2 475 kg/m®, AT 1S m/d*=1 296 kg/m® . #7% & 3| ¥ A1 AT ARAR 10 1 5
i, % TR & A A

4 1 s
—Rp,— = — 1
31‘[ Pr 3 6,0r ( 9)

m 4 1 cT
= _nR%p,— = —— 20
&3P TR (20)

Rl ¢ WHERIK z A2, R WAGERIA x A1y 242 (B 10(b)~(c)), Ik, m/d® 5 /R A5, M4 L IX H
WL A IR GE T B R B, o/ R A BUE I Bl — R 0.25~4.00, (Rt SEBR I X Y% A mid® WA 284k
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e
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Fig. 10 Variation of the overall shape of the ellipsoid falling rocks
FEW, KRS SCHR [34], 11 DX v A1 vh i 38 v il 7T [ O 4~ 40 m/s; AR 40 3 [ 28 o A Bk i 50
R 120 L HIB R 2 58 L f, B9 AR ARV L, X — MRk £ | B0, £=0.05~0.55 MPa, X F—JBEH1
B, #EA)Z, £=0.2~1.2 MPa; 45 Calvetti®F ) (7% A1 o i 3 2 050 FIAS 1058, — 3 2 B o, 19
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A ALTE B 1000~2 000 kg/m®, 25 b ik, ¥ b
R PR AR AR A (17)~(18) )5, 15
B S PR E A vpil G THE L : 0.01<7<165.89,
0.16<1<5.18,

Kb, 2% S by op i 7 AR fb e L, 3231
TERIE | HEE NP3k 95 A o D 32K, B A
PRI i S5 R LIVE A R ABZ R R, R
P& Pichler 2511 ()30 56 AF 78 AL BRIS A 158 & BX, G
HHNAZA R (LENEARE L, i Jin, fvp
i WA I ], ) Z [ AR 20 T A6 &R

2
mvg  hvy  z

R d "4 @
W 12)~04) A
i =T, =T (22)
Wa

Ter i H TS 3 Moo R AR 2
B AH S SR AR LAY, DRI A6 v AR A TR 2
o 5 A 0 1) 9 B, T AR Y S RO AR i
%2 "k A rpEi g R i RA T ENEA
KB z,/d, 53 5 BT KO8 | HETE FF- Sk i A o i
Wap T (A D) 5 T RENRZARE z,/d Z 18]
) A S s R

R 1 22 38 58 vk 8 1 F A9 3 56 T 0 3 1
F1~3 PR, BIEFE T AR TR, op
FURFAE RSE R 14 2 A T 4 pas IR 7 LA Bl 56
W45 1Y TG 1 AR AR EE 2, /do R TT wf; A
F AR IE I H: 0.29<1<15.60, 1.67<<1<<5.22,
322 HEHEHTFAXESAT

FR 4k s IR 1 A0 A B0 B 40 ml
TR A 5300 s e T 4 J2 5 5 28 B 3 ) P 9% A =
ABZEE T, F 5 o WIEZ AR 2,/d Z [7]
MR B —E B RS . MR tE B R Seit
=5 i T 5T AR e 2 () 4 M A DG R B ) — i o
By s, 388 FH R SR BRAH G 22 B0k SRAE W~ 72
Z I A SRR, T AR
C(x,y)

Vo2 (x) o2 (y)

px,y) =

®1 KEEAHEWERRBETR
Table 1 Conditions of impact test by spherical falling rocks

&5 mkg wWms)  Hm  dm I A1z /d
S-01 10 4.43 100 012 173 522 145
S-02 10 6.26 200 012 347 522 188
S-03 10 8.85 400 012 693 522 267
S-04 10 13.28 900 0.2 1560 522 3.46
S-05 50 443 100 025 096 289 1.00
S-06 50 6.26 200 025 192 289 115
S-07 50 8.85 400 025 38 289 147
S-08 50 13.28 900 025 863 289 184
S-09 100 443 100 036 064 193 071
S-10 100 6.26 200 036 128 193 076
S-11 100 8.85 400 036 257 193 1.06
S-12 100 13.28 900 036 578 193 117

®2 HEMEAMEWBEERETR

Table 2 Conditions of impact test by conical falling rocks

45 mkg wW(ms')  Hm  dm I A zd
co01 10 4.40 .00 012 173 522 1.89
c02 10 6.30 200 012 347 522 2.00
c03 10 8.90 400 012 693 522 275
Cc04 50 2.40 030 025 029 289 076
Cc05 50 6.30 200 025 192 289 1.06
Cc06 50 8.90 400 025 383 289 127
c07 50 13.30 900 025 863 289 159
c08 50 17.10 1500 025 1438 289 2.16

®3 FLEAHPEVBRRETR
Table 3 Conditions of impact test by flat falling rocks

W5 mkg vw/(ms')  Hm  dm I A z)d
F-01 50 440 100 025 096 289 052
F-02 50 6.30 200 025 192 289 0.8
F-03 50 8.90 400 025 38 289 086
F-04 50 13.30 900 025 863 289 1.06
F-05 50 6.30 200 030 111 167 037
F-06 50 13.30 900 030 499 167 0.8

(23)

A p AR x Fy Z B A SC R EL, Clr,y) LR x Fly B9V TT 22, o(x) F o(p) 700 s 28 4 x Al
y BT 250 MRIGE LA, |pI< 1, |o|BHEIEE, Fn AL 2 [AIAH 5GBS ; o BHEIT 1, FoR AN ERZ
A AHOC R i o &1 11(a)~ (b) Fom T T ¥k A IR AR B IS R 2,./d 5350 5 ol BRLT- TR0 4RO RE G,
1R vl IR 1~ 2Z 6] 52 TEAH O, ARG 10 A B0 SCRT 0, HJZ2 A 5 J3E a4 R N, 9% A AR A TR J3E
R, X FEMERT S LI MEETERIW o 2, /d 5 1TF1 A B R EC 510 0.71 F100.77, 2B AL 4 1EAH &
Mo ARSC R BEAR I, 1H0 A ] BEAE IR E e AR AR z,,/d Tk ) A T AR
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Fig. 11 Correlation between dimensionless impact factors and penetration depths
K AP T IO i I 2Z ] R SCHE A S5 2R, 1R A B SCHERUAIR, o0 0.24, W]
EYE R TS R E DO VA G R 2 N A 2
R4 RENPERFERSENRERHEXYE

Table 4 Correlation between dimensionless impact factors and penetration depths

T I 1 z,/d
I 1.00 0.24 0.71

Pl 0.24 1.00 0.77
z,/d 0.71 0.77 1.00

FAIEAE P A 285 2R R RE b iy PR 7 S R AR BE Z A A AR SCREBE, TR, 3 5 BEAE i Sl b, Bk — 20

AT G 2wl R X AR AR BE B S R LAY, BRIV ety DR S5 AR AR BE Z [ A pRARCOG R
Zn/d =F (I, Q) 24)

b O AR P LIRS B B i I (1R ) O AR &E, R TERRE 20 SIAEBRIE | HESE RISF-Sk 3 Bl B AR V%
A rhit 2 0F R, BFSE b DR R 45 SR 04 R i LA

i 12(a)~ (c) 70 A BRIE | HEFEFIF- Sk 36 O o AR A TR z,/d 5598 52wl R 1 A B2 o i P 1
A B ER B, Z5 SRR, 1A A ZARX AL B PR, FEANF Y AR, z,/d BE 16058 i in ey R 2
BEAR—H .

e 5 o S B R AT U5 B D 1 T AR A B BROE | R APk i LA A X

zw/d = 0.182In(1+11.671/2) (25)
zw/d = 0.121n (1+47.641/2) (26)
zw/d = 0.1021n (1+15.09/.) 27)

H1Z (25)~(27) AT LUE i, 3006 M 26 5 1000 8odis B Ry — Bk .

%5 AT EIRAFEDEARVE A1 A LE A S a 28, 3T R s BOE LG 2 5K, AR AR
ARG SR AR ZE S o X UL, QR JEIE AOB AR B R, JAR IR A [/ B9 B R B, i
AL 2~ SIS TS 20 A BR o PRI, 5% £ s ey 06 AT 50 Hh 2 A8 (8] v A0 T DR AR B 1T 2R A (19 1058
R AN T2 2B 3l I o 2 AT BR Y, ELAE B 22 (e LA LU R RS . AT SR Bk A0
TR A 70k, ALS IR 1 ¢ 58— BLE T3 A 50
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Fig. 12 Fitting curves of the dimensionless penetration depths of the blocks

x5 TEMKER I HUSARXPUESSHELE

Table 5 Comparison of parameters of three fitting formulas for falling rocks with different shapes

) 2,/d=AA In(1+CU) A SHL
AR

A c
E29j7 0.18 11.67
HEE 0.12 47.64
-3k 0.10 15.09

4 % it

TFIE T AN [) M B AR Vi A i 382 10 4= AR Ay 3 XSG WIS, B e AR AR 50 1 Ao T
AT RS AR N TR B 0 i i g I e T 2 T B0 2 0, SR i AR 585 2 2L 3380 v A i 2 ) P R (R4 v
AR R E | AR IR RCT DLUSCEZ AR | ) 24T T R A A, IR T e A et [
T HRARE Z A AR SCHE R AL, EEEHBIT .

(1) AR AR ATREE R by J7 OS2 MEAR A o bty s JE DR ARG, A B9 vl T BRI (L R i
ZIN, il IS R 2B BE O s B, whib R AR, A iy 0N, (RIS TR A, ot o A £
G, X —HF i HAF G 2 MER e PERIRT . 5340, A8 bt U, (HERTE | OB A3k 0 Z I R A
DRI, it g R R ) B2 ORASR T (A AN 78 B L 151, IE B8 A0 AR5 v 3o 3 0 AT BBE ) 52 W T i S
ARXT SRS A . AR EL M AR /N

(2) 38 5 ) 55 A1 i 52 00 R 3R A7 e B 49 A 20 A, 15 B JC B 49 sUR IR AR EE . | il oy ATl
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